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The synthesis of nine new asymmetric quaternary ammonium bromide bolaform surfactants 
incorporating tertiary amine functionality and the elucidation of their surfactant and 
aggregation properties are presented. The use of the surfactants as structure directing agents 
(SDAs) in the synthesis of super-microporous silicate materials is also explored. 
Chapter 1 introduces surfactants and surfactant-templated nanoporous materials, with a 
focus on the influence of surfactant micelle composition on the properties of the resulting 
material. Research endeavours towards the synthesis of super-microporous materials are also 
presented. 
Chapter 2 describes the synthesis of the new tertiary amino functionalized bolaforms, 
denoted 1a-c, 2a-c, and 3a-c, and the development and optimisation of a four-step synthetic 
route towards the target compounds is presented. The elucidation of the novel 1H-NMR 
phenomena associated with hydroxyamine precursor N,N-Dimethyl-16-hydroxyhexadecyl-1-
amine (6a) and the isolation of cyclic quaternary ammonium bromide surfactant DMC16Cyclo 
(16) are also described. 
Chapter 3 describes the solution behaviour of the amino bolaform surfactants, with emphasis 
placed on their practicability when used as SDAs. All of the amino bolaforms were determined 
to possess low Krafft temperatures (TK < 4 °C) and critical micelle concentrations  
(CMC = 1.4 ꟷ 4.7 mmol L-1), both of which were a marked improvement over the values of 
analogous hydroxy and carboxy bolaform surfactants. 
Chapter 4 describes the sizing of the micellar aggregates of the amino bolaform surfactants in 
the context of their intended use as SDAs. Both the aggregation numbers (N = 5 ꟷ 10) and the 
micelle diameters (0.96 ꟷ 2.42 nm) of the amino bolaform micelles were comparable  to those 
of structurally related hydroxy and carboxy bolaforms, which were determined via 1H-NMR,  
1H-DOSY, molecular tracer, and DLS experiments. 
Chapter 5 describes the effect of ionisation state of the tertiary amino head group of the 
amino bolaforms on their solution behaviour. Conversion to the protonated state resulted in 
greatly increased CMC values (24 ꟷ 38 mmol L-1) for a number of the amino bolaforms, while 
also resulting in convergence of their micelle diameters, as indicated via DLS experiments. 
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Chapter 6 explores the use of amino bolaforms 1a-c as SDAs in the synthesis of super-
microporous materials. Although a total of three new amino bolaform silicate materials 
(denoted ABS-1a, ABS-1b, and ABS-1c) were obtained using a standardised templating 
procedure, none of the materials contained the desired stable super-microporous hierarchy, 
as indicated by small angle P-XRD and TEM imaging studies. While materials ABS-1a and ABS-
1b were lamellar in nature, with the amino bolaform a key structural element of the material, 
the ia3d cubic pores of ABS-1c were mesoporous in nature, as indicated via gas sorption data.  
Chapter 7 summarises the work presented in the thesis and its contribution within the fields 
of bolaform surfactants and nanoporous silicate materials. A number of future studies which 
may complement the results in this thesis are also suggested. 
Chapter 8 Contains all of the relevant experimental data regarding the synthesis of the amino 
bolaform surfactants and the relevant precursors, the determination of their surfactant 
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Chapter 1: Introduction to Surfactants 
and Nanoporous Materials 
 
The overarching goal of this work is the synthesis and characterisation of a range of novel 
asymmetric bolaform surfactants containing tertiary amino functionality (Figure 1.1), 
intended for use as structure directing agents (SDAs) in the production of super-microporous 
silicate materials via a soft templating method. After the surfactants are acquired, their 
surfactant specific properties and self-assembly behaviour will be assessed, with the most 
suitable candidates selected for trial as SDAs utilising a standardised templating procedure. 
This will enable the correlation between surfactant structure, aggregate composition, and 
material hierarchy to be elucidated, such that future optimisation of the templating 
conditions may allow for fine control over the pore hierarchy of the materials.  
 








Surface active agents, commonly termed surfactants, are an important class of organic 
compounds which are most notable for their unique behaviour in solution and at phase 
boundaries. Typically comprised of a hydrophobic and hydrophilic domain (Figure 1.2), the 
amphiphilicity of surfactants enables them to partition at interfaces, resulting in a reduction 
of interfacial tension.1 Surfactants may also spontaneously self-assemble into a range of 
supramolecular architectures in solution, if certain conditions are satisfied; these assemblies 
may enable, enhance, or stabilise the emulsification of two normally immiscible phases.2  
 
Figure 1.2: Illustration of conventional surfactant comprised of hydrophobic “tail” and 
hydrophilic “head group”. 3 
Naturally produced amphiphiles, termed biosurfactants, can be found in a diverse range of 
biological environments. These range from compounds produced by microorganisms such as 
bacteria and yeast to those essential to bodily function, including pulmonary surfactants and 
bile acids, and those which interact with membranes such as glycolipids and lipopeptides.4 
The role of biosurfactants within their respective settings is specialised and linked to their 
ability to reduce interfacial tension and to act as emulsifying agents. On the other hand, there 
is strong research interest regarding synthetically produced surfactants, which are typically 
acquired from petrochemical and oleochemical feedstocks.5 The role of synthetic surfactants 
varies considerably, ranging from detergents and emulsifiers to foaming agents and 
dispersants, among others.6 Perhaps the most recognisable role of synthetic surfactants is 
their use in household cleansing and personal hygiene products, where their ability to 
solubilise lipophilic residues is beneficial; they are also common in other consumer products 
such as paints, adhesives, and waxes.7-8 However, synthetic surfactants are not limited to 
consumer use, as they also play an important role in a number of industries including 
petroleum processing, agrochemical production, and paper and textile manufacturing.9-12  
Additionally, certain subclasses exhibit antimicrobial activity, which has led to their 
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incorporation into disinfectant formulations, and has also prompted research interest within 
the pharmaceutical sector.13 Commercially available surfactants are commonly categorised by 
the nature of their hydrophilic domain. The foremost of these are listed in Table 1.1, alongside 
examples and typical use cases. 
Table 1.1: Classes of commercially available surfactants and their typical applications.14-25 
Class Examples Applications 
Anionic 
Sodium dodecyl sulfate (SDS) 
Perfluorooctanesulfonate (PFOS) 
Dioctyl sodium sulfosuccinate (DOSS) 
Detergents 
Stain repellent coatings 
Cationic 
Cetyltrimethylammonium bromide (CTAB) 
Benzalkonium chloride (BAC) 












Cocamidopropyl betaine (CAPB) 
Hexadecyl phosphocholine (Miltefosine) 





Comprising a large proportion of the surfactant industry, anionic surfactants are the primary 
component in many cleaning products.26 Often structurally analogous to traditional soaps, 
which are the salts of naturally occurring fatty acids, anionic surfactants typically contain a 
permanently charged anionic heteroatom and associated counterion (Figure 1.3), with 
sulfonates, phosphates, sulfates, and carboxylates the most common moieties.27 
 
Figure 1.3: Structure of conventional anionic surfactant sodium dodecyl sulfate (SDS). 
In contrast, cationic surfactants contain a permanently charged cationic heteroatom and an 
associated counterion (Figure 1.4). Although cationic surfactants are found in some cleaning 
products, their use in disinfectants and in biomedical applications is more widespread.13, 17 
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This is due to their remarkable ability to disrupt cell membranes, which makes these 
surfactants potent antimicrobial agents. Moreover, cationic surfactants often possess 
exceptional interfacial properties, which has prompted their use in products such as anti-
static coatings and fabric softeners.28-29 The majority of cationic surfactants are quaternary 
ammonium cation derivatives. Also termed quat salts, the polar domains  of these surfactants 
accommodate a permanently charged quaternary nitrogen, with the counterion most 
commonly chloride or bromide.30 
 
Figure 1.4: Structure of conventional cationic surfactant cetyltrimethylammonium bromide 
(CTAB). 
Non-ionic surfactants are markedly different to their charged counterparts in that their 
amphiphilicity arises from the hydrogen bonding capability of covalently bonded oxygen 
atoms contained within their polar domains (Figure 1.5).31 Surfactants of this type are 
generally superior emulsifying agents than ionic surfactants, and are thus key ingredients in 
many food products. Non-ionic surfactants are also used in the production of 
pharmaceuticals, wetting and anti-foaming agents, and in the permeabilisation of 
membranes.32-35 
 
Figure 1.5: Structure of non-ionic surfactant nonoxynol-9. 
Zwitterionic surfactants comprise the final major grouping of commercially available 
surfactants. Also termed amphoteric surfactants, zwitterionic surfactants accommodate both 
cationic and anionic moieties as well as the traditional lipophilic domain (Figure 1.6). This 
configuration results in surfactants of this type falling into two sub-classes, those which are 
permanently charged zwitterions, and those whose charge state is pH dependent.36 
Zwitterionic surfactants are generally non-toxic, non-irritating, and compatible with other 
classes of surfactants, and are therefore used in applications such as cosmetic and textile 




Figure 1.6: Structure of conventional amphoteric surfactant hexadecyl phosphocholine 
(Miltefosine). 
 
1.2 Micelles and Self-Assembly 
 
The capability of surfactant molecules to self-assemble in aqueous environments is well-
known, and the manipulation of this tendency has garnered considerable research interest.40 
The fact that aqueous formulations comprise a large proportion of the use scenarios of 
surfactants also contributes to this interest, as the optimisation of these formulations has 
potential economic and environmental benefits. The spontaneous self-assembly of 
surfactants originates from their chemical composition, which determines both their 
interaction with water and the properties of the aggregates themselves; other factors 
including concentration, temperature, and salinity may also alter the aggregate morphology.41 
Individual surfactant molecules, also termed monomers, are not inherently soluble in water 
at low concentrations. Instead, monomers preferentially adsorb at the interface between the 
aqueous and secondary phases, with the lipophilic domain preferentially orientated away 
from the aqueous phase.42 It is only after the interface is saturated that substantial 
solubilisation of surfactant monomers occurs, and it is these solubilised species which are 
responsible for self-assembly phenomena. 
Surfactant assemblies are typically comprised of an extended lipophilic phase assembled from 
the hydrophobic domains of individual monomers, which is separated from the bulk aqueous 
solution by an interfacial layer of hydrophilic domains. The assembly of these structures is 
attributed to the hydrophobic effect, which describes the tendency of a solute species to 
assemble in order to minimise contact with solvating water molecules.43 Similarly to other 
chemical processes, the driving force for self-assembly can be expressed thermodynamically 
in terms of an enthalpic and entropic contribution.6 Specifically, the substantial entropy gain 
of the aqueous medium counteracts the entropy loss of the non-polar domains of surfactant 
monomers confined in the extended lipophilic phase, which is the primary driving force for 
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the process.44 Surfactant self-assembly is also generally enthalpically favourable, however, 
this contribution is relatively minor in comparison to the entropy gain of the aqueous medium. 
Moreover, although the hydrophobic effect often leads to self-assembly under ambient 
conditions, other parameters must also be satisfied for the process to occur spontaneously. 
Although often thermodynamically favourable, the self-assembly of surfactant monomers 
also results in electrostatic repulsion between adjacent hydrophilic domains of monomers at 
the interface between the bulk aqueous and extended lipophilic phases.45 This repulsion acts 
in opposition to the forces driving spontaneous self-assembly, and is the key contributor 
towards the overall shape of the supramolecular aggregates, termed micelles.45-46 Micelles 
composed of conventional surfactants are commonly spherical in nature (Figure 1.7), where 
a core of non-polar tails (yellow) is surrounded by an exterior of polar head groups (white). 
However, other configurations exist, the formation of which are dependent on the overall 
chemical composition of the monomer. Moreover, although illustrations suggest that micelles 
are permanent supramolecular architectures, the assemblies are always in dynamic 
equilibrium with solubilised monomers in solution, such that these depictions are more 
representative of the average structure in solution. 
 
Figure 1.7: Cross-section of spherical micelle composed of conventional head and tail surfactant 
monomers.47 
One variable which is commonly used to predict the morphology of conventional surfactant 
aggregates is the critical packing parameter, Cpp.48 First proposed by Israelachvili,49 the value 








where V is the non-polar tail volume, a0 is the area of the polar head group, and lc is the tail 
length. In essence, the value of Cpp represents the volume ratio between the polar and non-
polar domains, with different ratios representative of different spatial profiles of the 
monomer. These profiles may be used to predict the nature of the micellar aggregates, which 
can range from spheres and rods to lamellar and vesicle type structures (Figure 1.8).40 Despite 
its convenience, the correlation between the value of Cpp and aggregate morphology is 
hypothetical, as the value of Cpp represents the profile of the surfactant monomers only. 
Accordingly, other system parameters, including temperature, concentration, and pH must be 
considered when predicting aggregate morphology. 
 
Figure 1.8: Prediction of aggregate morphology from the value of the critical packing parameter 
(Cpp) of a surfactant.40 
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1.3 Control of Self-Assembly Behaviour 
 
Much of the research regarding surfactants is focused on manipulating their self-assembly 
behaviour, which is driven by the demand for amphiphiles possessing increased efficacy or 
decreased economic or environmental impact.50 Approaches towards the control of self-
assembly can be broadly separated into two categories, namely the modification of the 
chemical composition of the monomer, and control of the solvent environment. The former 
has been investigated extensively, primarily due to the simple makeup of many surfactant 
monomers, enabling the production of structural variants from common materials and simple 
synthetic procedures. 
 
1.3.1 Conventional Surfactants 
 
Commercially available surfactants are typically categorised by the nature of their hydrophilic 
domain (Table 1.1), with the surfactants in each group typically possessing comparable 
properties. However, significant variation of the interfacial and solution behaviour may be 
achieved via modification of the polar section of the monomer. This can be observed in the 
early work of El Seoud and co-workers, where the structure-property relationships of various 
quaternary ammonium cationic surfactants were investigated.51-52 In one study, an increase 
in alkyl substituent chain length of dodecyltrialkylammonium bromide surfactants was 
correlated with a progressively less hydrated micellar interface,51 while in a separate work, 
modification of the head group substituents of hexadecyltrialkylammonium chloride 
surfactants resulted in different head group conformations at the micellar interface (Figure 
1.9).52 In both cases, the polar head group composition also affected the aggregation 
dynamics of the system, highlighting the importance of the chemical composition of this 
domain. Similar outcomes can be observed in more recent work involving the addition of polar 
and non-polar structural features to the hydrophilic head group structure.53-55 Moreover, the 
stereochemical conformation of head group substituents may also affect the aggregation 
properties. This is demonstrated in a study by Fukada and co-workers, where the 
stereochemical configuration of the anomeric carbon of a number of non-ionic esterified 
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glucoside surfactants significantly affected the packing and dimensions of the associated 
micelles.56 
 
Figure 1.9: Illustration of possible conformations of various quaternary ammonium surfactant 
derivatives at micellar interface.52 
Monomer self-assembly may also be affected by the structure of the lipophilic domain. Work 
in this area centres largely on the relationship between the number of hydrocarbon units and 
the micelle dynamics, as this structural parameter can be easily modified. In the majority of 
scenarios, small changes in tail length do not affect the overall morphology of a surfactant’s 
micellar phase, but instead influences the dimensions of the aggregates.57 The former can be 
rationalised in terms of the packing parameter (Equation 1), where the addition or removal of 
individual hydrocarbon units does not significantly affect the value of Cpp. However, in the 
case of the latter, modification of the number of methylene units requires the 
accommodation of more or fewer of these units within the extended lipophilic phase. This 
ultimately results in longer chain surfactants producing micellar aggregates with larger 
dimensions, while shorter chain surfactants are associated with smaller aggregates. This 
relationship is highlighted in the work of Columbus and co-workers, where a positive 
correlation between tail length and micelle dimensions was noted for a range of biosurfactant 
derivatives, including phosphocholines, glucosides, maltosides, and lysophosphatidyl 
glycerols;58 similar phenomena are also observed in recent work involving cationic quaternary 
ammonium amphiphiles.53, 59 In contrast, Phan and co-workers observed the opposite for 
alkyltrimethylammonium halide surfactants, where a reduction in tail length was correlated 
with an increase in the average number of monomers per micelle, and hence increased 
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micelle dimensions.60 Accordingly, the results of these studies suggest that the composition 
of the polar domain must be considered when predicting the relationship between the 
composition of the lipophilic domain and the aggregate dimensions. Furthermore, the 
incorporation of other structural features into the lipophilic domain has also been 
investigated, with inspiration taken from various biosurfactants and plant-based fatty acids; 
this can be observed in the works of Engbert and co-workers and also in other studies.61-67 In 
the case of conventional monomers with ionic head groups, the nature of the counterion may 
also alter the self-assembly behaviour.68-69 In a 2003 study by Aswal and Goyal regarding 
alkyltrimethylammonium halide surfactants, the nature of the counterion was observed to 
have a significant impact on the ability of the surfactant to form different phases upon a 
change in concentration.70 In another study published by Mata and co-workers, the nature of 
the counterion significantly influenced the aggregation of a cationic dodecylpyridinium halide 
surfactant, with the micelle dimensions correlated to the size of the halides in the order Cl- < 
Br- < I-.71 
Altogether, the chemical composition of each domain, and in turn the overall structure of a 
conventional surfactant monomer, plays a key role in its self-assembly behaviour. However, 
it is of note that this behaviour exists within the parameters of the specific study only, and the 
use of the surfactants in practical applications introduces many medium effects which may 
result in vastly different outcomes. 
 
1.3.2 Non-conventional Surfactants 
 
In addition to variation of the head and tail structure of conventional surfactants, the 
synthesis of non-conventional monomers with added structural complexity has also been 
investigated. Alteration of the structure in this manner typically leads to substantially changed 
interfacial and solution behaviour in comparison to the analogous conventional surfactant, 
while predictive models such as the packing parameter are rendered impractical with 
increasing structural deviation. Some of the earliest non-conventional structures to be 
investigated include double and triple chain surfactants (Figure 1.10), which can be obtained 
using common materials and procedures.72 Generally, monomers of this type do not form 
11 
 
spherical micellar phases, and are thus primarily employed when low-curvature assemblies 
are desired.73-75 
 
Figure 1.10: Representative structures of multi-chain quaternary ammonium surfactants.72 
Gemini surfactants are one of the major classes of non-conventional amphiphiles. The 
monomers consist of multiple polar and non-polar domains, with the polar domains 
covalently linked by a hydrocarbon spacer (Figure 1.11).76 In most cases, the unique structures 
of gemini surfactants have a significant impact on their aggregation properties, while the 
inclusion of the spacer may also impart other advantages such as higher solubilisation 
capacity, enhanced surface activity, and improved wetting capability.77-81  
 
Figure 1.11: Representative structures of lysine-derived gemini surfactants.76 
In terms of their solution behaviour, many studies regarding gemini surfactants focus on the 
relationship between the spacer length and the aggregation properties, such as the 
pioneering work of Zana and co-workers regarding di-cationic alkanediyl-α,ω-
bis(dimethylammonium bromide) derivatives, where α and ω denote the two terminals of the 
spacer.82-83 The authors observed a strong correlation between hydrocarbon spacer length 
and aggregate morphology, with short spacers producing low-curvature assemblies, with a 
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transition towards spheroidal and vesicle-types structures upon increasing the number of 
methylene units. Moreover, although generally comprised of non-polar units, the use of 
hydrophilic spacer units has also been investigated, such as in the work of Verrall and co-
workers.84 In this case, a correlation was observed between the number of ethylene oxide 
units and head group hydration for (oligooxa)-alkanediyl-α,ω-bis(dimethyldodecylammonium 
bromide) gemini surfactants, which in turn controlled the number of monomers per micelle 
and the aggregate dimensions. 
Bolaform surfactants are another noteworthy class of non-conventional amphiphiles, so 
called due to their resemblance to the bola, a South-American throwing weapon with two 
weights separated by interconnecting cords.85 In the case of the surfactant, at least one 
lipophilic domain and two polar domains constitute the monomer, such that the conventional 
lipophilic domain instead acts as a spacer (Figure 1.12).86  
 
Figure 1.12: Structures of some symmetric bolaform surfactants.86 
Although similar in appearance to conventional monomers, the addition of the second polar 
domain results in bolaform surfactants possessing drastically changed interfacial and solution 
behaviour, which can be favourable in some scenarios but detrimental in others. In the case 
of the latter, the primary disadvantage of bolaform structures is that self-assembly occurs at 
much higher concentrations in comparison to the equivalent conventional surfactant. This 
originates from the increased hydrophilic character of the monomer, attributed to the 
inclusion of multiple polar domains.87 Moreover, some examples exhibit diminished ability to 
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reduce surface tension compared to conventional analogues.85 In spite of these drawbacks, 
interest in bolaform surfactants has persisted due to their unique interfacial and solution 
behaviour, where conformations and hierarchical assemblies inaccessible via other surfactant 
classes may be observed.88-89 
Similarly to other biosurfactants, bolaform amphiphiles are produced by certain 
microorganisms, the most prominent being those comprising the monolayer membranes of 
archaea, a domain of single-celled organisms (Figure 1.13).90 Here, the presence of the second 
polar domain enables the assembly of the monomers into a single continuous layer, with two 
interfacial layers of head groups orientated on opposite sides of the extended lipophilic phase. 
This unique configuration enables archaea to withstand harsher environmental conditions 
than organisms with traditional phospholipid bilayer membranes, due to the enhanced rigidity 
of the membrane.91 This discovery prompted the pursuit of synthetic derivatives, such as in 
the early work of Thompson and Kim, where tetraether diglycerolphosphate bolaforms 
exhibited similar behaviour to their biosurfactant counterparts.92 Interest in the field has 
grown in the decades since, with enough work to substantiate reviews on the topic.90 In 
addition, bolaforms have been studied in other biological contexts, with some monomers 
possessing antimicrobial activity, while the unique micellar assemblies of others have been 
trialled in drug and gene delivery applications.93-94 However, bolaform surfactants have also 
proved intriguing in a number of material sciences, ranging from sensing applications and 
electronics to the production of porous materials.89, 95 The latter is examined in Section 1.4 of 
this chapter. 
 
Figure 1.13: Structure of caldarchaeol, a symmetric bolaform biosurfactant produced by 
archaea.92 
In terms of synthetic varieties, symmetric bolaform surfactants were the first to be explored, 
primarily due to their straightforward synthesis through the two-fold functionalisation of α,ω- 
substituted diols, dihalides, diamines, and dicarboxylates.88 In more recent times, interest has 
shifted towards asymmetric bolaforms, as it is predicted that the combination of differing 
head group compositions may bring about increasingly complex interactions between 
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monomers, such that a greater number of unique interfacial orientations and micellar 
assemblies may be formed.96-101 The primary challenge regarding the production of 
asymmetric bolaform derivatives is the reliance on asymmetric starting materials, which itself 
necessitates the design of more intricate synthetic procedures. This has been previously 
explored within our group, where a range of asymmetric ω-hydroxy quaternary ammonium 
bromide surfactants (Figure 1.14) were synthesised and their physicochemical properties 
assessed.102 Some of the procedures utilised in the production of these surfactants are 
discussed in Chapter 2 of this work. The bolaforms were also assessed for antimicrobial 
activity, where a number of derivatives displayed greater activity than the conventional 
surfactant equivalent.103 In a subsequent study, the asymmetric bolaforms were trialled as 
templates in the synthesis of nanoporous silicate materials. It was determined that the unique 
dimensions of the bolaform surfactant aggregates imparted a similar hierarchy within the 
porous network which had not been accessible through the use of conventional surfactant 
templates.104 Despite this potential, few studies have been conducted regarding asymmetric 
bolaform surfactant aggregates as molecular templates, and as such their prospects in this 
field remain unrealised. The use of bolaform surfactants in the context of this application is 
further explored in Section 1.4.3 and in Chapter 6 of this thesis.  
 
 
Figure 1.14: Structures of some asymmetric quaternary ammonium bromide bolaform 
surfactants synthesised in the Hayman group.102  
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1.3.3 Environmental Factors 
 
Although the relationship between monomer composition and surfactant behaviour is well 
established, the environment in which a surfactant is studied is of equal if not greater 
importance. This is due to the fact that surfactants are rarely used in isolation outside of 
research or other specialised contexts. The nature of the environment is particularly 
important when assessing aggregation dynamics, as small changes may significantly alter the 
self-assembly process as well as the morphology of the aggregates. Certain monomers termed 
stimuli-responsive surfactants have been designed to take advantage of these phenomena; 
these contain specific chemical functionalities which interact favourably in response to 
changes in the surrounding environment.105 Surfactants of this type have been the subject of 
continued interest, due to their potential in a wide range of applications.105-106 While not all 
surfactants are designed in this manner, the aggregation behaviour of all surfactant systems 
is affected to some extent by modification of certain system parameters, some of which are 
explored here. 
In the first instance, modification of the chemical composition of surfactant solutions and the 
resulting effect on the self-assembly of the monomers has been methodically examined. As 
the concentrations of chemical species within an aqueous system may be adjusted in situ, the 
transition of monomers between different micellar phases may be observed directly as a 
function of concentration of the species in question.107 The earliest chemical parameter to be 
investigated was the ionic strength of the solution, as management of solution salinity is 
straightforward. The ionic strength has been found to affect not only the monomer 
concentration at which micelles initially form,108 but also the dimensions of surfactant 
micelles, due to the screening of electrostatic interactions between head groups at the 







The ionic strength is particularly important in the case of permanently charged surfactants 
(Figure 1.15), as the presence of electrolytes affects the counterion binding and relative 
hydration of the polar head groups and their associated counterions.111 Moreover, the 
morphology of the micellar phase can also be controlled by changing the salt concentration. 
This is demonstrated in a range of works published by Ikeda and co-workers, where the 
aggregates of various ionic surfactants transitioned from spherical micelles at low salt 
concentrations to rod-like micelles at higher concentrations.112 
 
Figure 1.15: Structure of sodium-N-(4-n-octyloxybenzoyl)-L-valinate (SOBV) anionic surfactant 
which exhibits salt-induced vesicle to micelle phase transition behaviour.113 
The addition of auxiliary organic species can also influence the nature of the micellar phase 
(Figure 1.16).114-115 Although the range of compounds which can be added to surfactant 
systems is essentially limitless, studies have primarily focused on small polar molecules such 
as simple alcohols, but also various aliphatic and aromatic hydrocarbons. A convenient 
overview is provided by Huang and co-workers, where the addition of numerous organic 
auxiliaries to cationic surfactant systems was investigated.116 The authors found that both 
polar and non-polar additives induced phase transitions from micellar to vesicle type 
structures, which was dependent on the nature and concentration of the organic additive, but 
also the structure of the cationic surfactant monomer.  
 
Figure 1.16: Cholesterol induced micelle to vesicle transition for cationic surfactant 
cetyltrimethylammonium bromide.114 
A change in morphology generated by an organic auxiliary may also affect the physical 
properties of the system. This can be observed in the work of Urakami and co-workers, where 
the viscoelasticity of cationic surfactant solutions was drastically increased upon the addition 
of simple aromatic species or their salts.117 This change was attributed to the formation of 
elongated rod-like micelles which was induced by modest amounts of the auxiliaries. In 
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addition, auxiliary surfactants can also affect the solution behaviour of monomers already in 
solution. Systems containing multiple monomer species constitute their own research area of 
mixed surfactant systems, the complexity of which renders them outside the scope of this 
work.118-119 
In recent times, interest in reversible stimuli-responsive surfactant systems has intensified, 
primarily due to their potential in drug and gene delivery applications. This has led to 
increased research regarding biocompatible stimuli, which are able to trigger changes in 
aggregate morphology in vivo.105 pH-responsive surfactants comprise a significant portion of 
these systems, with the monomers typically containing carboxylic acid or amine 
functionalities. This enables the monomers to adopt multiple charge states, which results in 














Figure 1.17: Structure and pH-responsive self-assembly of sugar-based reduced glucose gemini 
surfactant.121 
Similarly to other chemical stimuli, the change in self-assembly behaviour is attributed to 
modification of the electrostatic interactions between neighbouring polar domains, albeit via 
a change in ionisation state. Accordingly, pH sensitive amphiphiles, and their respective 
micellar systems, may be designed such that phase transitions are induced by the pH gradients 
typically found across cellular membranes.125 This has been demonstrated conceptually, but 
also in vitro and in vivo, where transitions between micelles and vesicles can be instigated via 
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a modest change in pH.126-127 Some micellar phases have also been observed to completely 
dissociate upon the pH surpassing a certain threshold.120 A preliminary study regarding the 
effect of ionisation state on the aggregation of asymmetric amino bolaform surfactants is 
presented in Chapter 5. In addition to pH responsive surfactants, the fields of photo-
responsive and magneto-responsive surfactants are also well established, whereby similar 
phase transitions may be induced by irradiation or exposure to an external magnetic field 
respectively.105 
In summary, surfactants are an important part of modern chemistry, where their unique 
interfacial and solution properties set them apart from other organic molecules. The control 
of these properties via changes to monomer structure or environmental conditions remains 
the primary focus of surfactant research, with a general aim towards the optimisation of their 
performance in various applications. However, certain classes of monomers, including non-
conventional structures such as bolaform surfactants, have not yet been fully explored, and 
their potential remains unrealised. Accordingly, the synthesis of a range of novel asymmetric 
bolaform surfactants and the elucidation of their solution behaviour, is a key aim of this work. 
The synthetic pathway towards these surfactants is described in Chapter 2 of this thesis, while 
the elucidation of their solution properties is presented in Chapters 3 to 5. 
 
1.4 Nanoporous Materials 
 
Nanoporous materials are an invaluable class of materials in both science and industry, as 
indicated by many years of research on the topic.128-129 A nanoporous material is defined as 
an organic or inorganic framework which supports a repeating porous structure, with the size 
and geometry of the voids or cavities governing the properties of the material.130 Although 
typically associated with bulk solids, two-dimensional materials such as membranes and films 
also represent important sectors within nanoporous material research.131-132 The defining 
characteristic of nanoporous materials is their extremely high surface area in comparison to 
analogous solid materials, which results in astounding efficacy in applications where surface 
area is a key determinant of performance. Accordingly, nanoporous materials are 




As their name suggests, nanoporous materials accommodate pores with nanoscale 
dimensions, which range from only a few nanometres up to hundreds of nanometres in width. 
The wide range of pore sizes, in combination with the ever increasing number of reported 
materials, has prompted the adoption of a standardised classification system, which indexes 
nanoporous materials into three main categories based on the pore width of the material 
(Figure 1.18).129 According to the IUPAC definitions, materials with pores > 50 nm in width are 
designated as macroporous, those with pore widths between 2—50 nm are mesoporous, and 
materials with pore widths < 2 nm are microporous.138 Each of these classes has become 
synonymous with certain chemical compositions, as certain pore dimensions are generally 
accessible through specific reagents and synthetic procedures. Due to the extensiveness of 
each category, only microporous and mesoporous materials will be explored in the 
forthcoming sections, as these are most pertinent to the overarching aim of this work.  
 
Figure 1.18: IUPAC classification of nanoporous materials and common materials in each 
category.138 
 
1.4.1 Microporous Materials 
 
Of the three categories of nanoporous materials, those which are classified as microporous 
accommodate pores with the smallest dimensions. Although some metal organic frameworks 
and porous carbons exhibit microporosity, ordered materials of this type are overwhelmingly 
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represented by zeolites. Zeolites are traditionally composed of a hydrated crystalline 
aluminosilicate network and associated alkali-metal cations, where the latter balances the 
negative charge of the former. This regular arrangement, and hence space between the 
repeating units, is where the inherent porosity of zeolites originates (Figure 1.19).139-140 The 
defining characteristic of zeolites is their ability to selectively bind small molecular species 
such as ammonia, heavy metal cations and various gases, which has led to their extensive use 
in chemical processing and production, where the separation of certain species from bulk 
media is required. Prominent applications of zeolites include water filtration, as molecular 
sieves and ion-exchangers, and in catalysis and petrochemical cracking. 141-145 
 
Figure 1.19: Representative frameworks of common microporous zeolites a) A, b) Y, c) L, and d) 
ZSM-5.140 
Before the discovery of synthetic varieties, zeolites were known as a family of minerals formed 
when volcanic rocks and ash reacted with alkaline groundwater under forcing conditions.129 
This principle of hydrothermal crystallisation is still used in the production of synthetic 
zeolites, albeit in a controlled environment.146 As a result, synthetic zeolites are significantly 
more uniform than their naturally occurring counterparts, while modification of the reagents 
and conditions can induce the formation of entirely new network configurations, and in turn 
new pore dimensions. The production of synthetic zeolites traditionally involves the 
formation of an aluminosilica gel from appropriate silica and alumina precursors, which is then 
crystallised in an aqueous solution of the chosen metal hydroxide under heating and 
pressure.147 The addition of auxiliaries such as salts, small organic molecules or ionic liquids 
can also influence the condensation of the zeolite, and hence the properties of the  
pores.148-150 Zeolites produced in this manner typically possess micropores between 0.3 – 1.0 
nm in width, which represents the cavities between repeating units of the inorganic crystal 
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lattice.151 However, it is this microporosity from which the primary drawback of zeolites 
originates, namely the limited diffusion of media through the material due to restricted access 
to the internal surface area.152 Accordingly, efforts have been made to overcome this 
limitation via the synthesis of zeolites with slightly larger pores, such that molecular selectivity 
is retained while increasing pore availability. Materials with these pore dimensions are 
unofficially termed super-microporous, which denotes pore widths of approximately 1.2 - 2.0 
nm, between those of conventional microporous zeolites and mesoporous materials.104 
Although examples of super-microporous zeolites have been reported, these materials are 
typically less crystalline than traditional synthetic zeolites, while their synthesis often involves 
additional auxiliary components and specialised reagents.153-158 
 
1.4.2 Mesoporous Materials 
 
In contrast to microporous zeolites, the pore dimensions of mesoporous materials can vary 
greatly, as indicated by the IUPAC definition (Figure 1.18). This naturally leads to an increased 
variety of available framework compositions, of which mesoporous silicates represent a 
substantial portion. This subcategory is itself expansive, but the materials may be broadly 
separated into two main framework compositions, the first being mesoporous 
aluminosilicates. Although similar in composition to microporous zeolites, the mesoporosity 
of aluminosilicates is generated via the use of an auxiliary template around which the 
covalently bonded framework is constructed.159 The second type of mesoporous silicate 
frameworks are produced in a similar manner to their aluminosilicate counterparts, but are 
composed of silicon oxide units only, and can be thought of as true mesoporous silicates.160 
Both types of mesoporous silicates have garnered considerable interest, as their properties 
can be precisely controlled via manipulation of the synthetic conditions. This enables tailoring 
of the material to specific applications, such as wastewater treatment, sensing applications 
and targeted drug delivery, among others.161-164 In addition to mesoporous silicates, ordered 
mesoporous carbons (OMCs) also constitute a large portion of mesoporous framework 
compositions.  Unlike traditional porous carbons, which have broad pore size distributions as 
a result of harsh and imprecise methods, the controlled synthesis of OMCs results in uniform 
mesoporosity supported by their highly regular internal structure.160 There has been 
substantial research interest in OMCs in recent times, as they can be produced from 
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carbonaceous biomass feedstocks, and also due to their great potential in fields such as 
energy storage, bioelectronics and catalysis.165-168 
The production of mesoporous materials is typically achieved via a soft templating method, 
where the appropriate precursor species are crystallised under hydrothermal conditions 
(Figure 1.20).169 Unlike the intrinsic microporosity of traditional zeolites, mesopore formation 
must be induced via the addition of auxiliary organic species; these are collectively termed 
structure directing agents (SDAs), and essentially act as molecular scaffolds around which the 
mesoporous network is assembled.170 However, this process results in the SDA species being 
trapped within the porous network during the assembly process, and thus the SDA must be 
removed in order to liberate the mesopores. This is typically achieved via calcination, although 
other methods have been reported.171-172 Materials produced in this way are known as soft 
templated materials, so called due to the SDA forming “soft” supramolecular assemblies 
around which the network is constructed. In contrast, some OMCs can be produced via a hard 
templating method, also known as nanocasting, whereby a pre-existing mesoporous silicate 
acts as the SDA.173 Although this method transfers the hierarchy of the hard template to the 
new material, removal of the template without disruption of the framework is more 
challenging than with the soft templating approach.174 
 
Figure 1.20: Illustration of mesoporous material (blue) synthesis via soft templating method with 
surfactant (green and orange) micelles (yellow) as structure directing agent (SDA). 
Surfactant micelles and block copolymers are commonly used as the SDA species in the soft 
templating procedure, with smaller pore widths accessible through the former (Figure 
1.21).175-177 In both cases, the dimensions, morphologies and uniformity of the SDA assemblies 
govern those of the resulting mesopores, underlining the importance of the SDA in the 
establishment of the desired internal hierarchy.178-179 Block copolymers and surfactants are 
also ideal candidates due to their compatibility with aqueous media and the resistance of their 
assemblies towards changes in pH, temperature, or pressure of the system, unless by design. 
Surfactant and block copolymer SDAs also commonly contain chemical functionalities which 
promote the cooperative assembly of the network precursor before condensation is initiated, 
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further enhancing the homogeneity of the material.180 The use of other small organic 
molecules such as non-ionic surfactants, aliphatic primary amines, and ionic liquids as SDAs 
has also been reported.181-183 
 
Figure 1.21: General structures of a) quaternary ammonium halide surfactant, b) diblock 
copolymer, and c) triblock copolymer SDAs used in the synthesis of soft templated mesoporous 
materials.175 
One of the first and most notable examples of materials produced using the soft templating 
method are the mesoporous silicates and aluminosilicates of the Mobil Composition of Matter 
(MCM) series, which were first reported by researchers at Mobil Oil Corporation.184 In 
particular, the material denoted MCM-41, comprised of a mesoporous 2D hexagonal pore 
network, is a well-established reference material to which the properties of many newly 
reported materials are compared.185-186 Materials in the MCM family typically possess narrow 
pore size distributions and long range ordering, which is attributed to the use of alkyl 
quaternary ammonium halide surfactants as the SDA. The production methods used are also 
straightforward, and high quality samples can be obtained from widely available and cost-
effective reagents. In combination, these desirable traits have led to innumerable studies of 
MCM type materials, with research focused on optimisation of the reaction conditions and 
investigation of the relationship between templating parameters and pore dimensions.185, 187-
188 In addition, recent interest surrounding MCM type mesoporous silicates is based on their 
potential for surface functionalisation, due to their large and accessible internal surface area, 
uniform pores, and resistance to chemical and mechanical strain.189-194 Particular emphasis 
has been placed on their role in catalysis, as the mesoporous hierarchy may act as a robust 
substrate for immobilised transition metals, enzymes, and other catalytic moieties.195-196 The 
production of these materials can be achieved via direct incorporation of the catalytic species 
during the initial framework condensation or via post-condensation doping or grafting. 
Overall, the soft templating approach provides a convenient route towards ordered 
mesoporous materials with controllable pore properties. However, the reliance of this 
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method on the dimensions of the SDA assemblies in the templating mixture are also its 
primary limitation. Specifically, the synthesis of highly ordered materials with pore width 
distributions centred at the lower mesopore limit (2.0 nm) remains challenging. 
 
1.4.3 Super-microporous Materials 
 
As outlined in Sections 1.4.1 and 1.4.2, ordered super-microporous materials which bridge the 
gap between microporous and mesoporous materials are of current research interest. 
Possessing pore widths of approximately 1.2—2.0 nm, this sub-class of nanoporous materials 
is of particular interest as they are predicted to possess both the selective binding capability 
of traditional zeolites and the large surface area and accessible pore structures of mesoporous 
materials. The rational approach towards super-microporous materials is via modification of 
the soft templating method, as this enables the use of established reagents and synthetic 
procedures. Specifically, as mesoporous materials with small pore sizes are currently 
produced using surfactant micelle SDAs, a reduction of the micelle dimensions is predicted to 
induce the formation of the desired super-micropores. 
As described in Section 1.3 of this chapter, the structure of a surfactant monomer is directly 
correlated with the dimensions and morphology of its micellar aggregates. Accordingly, 
research endeavours towards super-microporous materials are primarily focused on the 
structural modification of pre-existing surfactant SDAs, in order to reduce the aggregate 
dimensions. For conventional head and tail surfactant monomers, this can be achieved in a 
straightforward manner via decreasing the number of hydrocarbon units in the tail, which 
results in reduced hydrophobic core volume and thus smaller micelles. Attempts towards the 
synthesis of super-microporous materials utilising this principle have been undertaken by Imai 
and co-workers, where alkyltrimethylammonium halide surfactants with various tail lengths 
were used as SDAs in the synthesis of nanoporous silicates for dynamic toluene adsorption 
(Table 1.2).197 The authors reported that super-micropores were formed when using 
surfactant SDAs comprised of 4 to 12 methylene units, with fewer units correlating with 
smaller pore widths (Entries 2-8). However, this was also accompanied by a significant 
decrease in surface area compared to the analogous mesoporous silicate prepared with a 16 
methylene unit surfactant (Entry 1). In combination with other results, this suggested that the 
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short chain conventional surfactants not only induced super-microporosity, but also reduced 
the number of available pores in the material. This phenomenon likely originates from the 
nature of the micelles in solution, where fewer methylene units leads to increased monomer 
solubility, and thus aggregation being less thermodynamically favourable. This may lead to 
fewer and/or more disordered micellar assemblies in the templating solution, with the 
properties of the non-uniform aggregates transferred to the porous silicate network. This is 
consistent with the reported experimental procedure, where surfactants of 4, 6, and 8 
methylene units were required at 3 times the concentration of the longer chain variants. The 
authors also reported the synthesis of super-microporous materials with similarly reduced 
surface area in a subsequent study.198 
Table 1.2: Pore diameter (D), pore volume (V), and specific surface area (SA) of nanoporous 
silicates prepared with alkyltrimethylammonium halide surfactants of varying tail length.197 




C16 2.82 0.79 1450 
2 C12 1.80 0.53 1060 
3 C10 1.58 0.45 920 
4 C8 1.28 0.41 810 




C8 0.99 0.26 520 
7 C6 0.82 0.20 400 
8 C4 0.77 0.14 300 
 
In addition to short chain variants, the use of conventional surfactants with moderate chain 
lengths (10 to 12 methylene units) in the synthesis of super-microporous materials has been 
explored. In a 2014 study by Wang and co-workers, a pm3n cubic super-microporous silicate 
was reportedly synthesised using decyltrimethylammonium bromide as the SDA.199 In this 
case, although the surface area of this sample was greater than those of materials prepared 
by Imai and co-workers197, the pore size distribution of the material was broad, which 
suggested a disordered internal hierarchy. In a more recent study by Hu and co-workers, 
super-microporous silicate supported platinum catalysts for regioselective hydrosilylation 
were reportedly synthesised using dodecylamine as the SDA in a mixed system of water and 
acetonitrile (MeCN).200 Although the surface areas of the silicates were comparable to those 
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of standard mesoporous silicates, super-microporosity was only observed in samples which 
had been doped with the platinum catalyst, whereas the pore width distributions of the as-
prepared silicates were centred at 2.0 nm. This indicated that the observed super-
microporosity was induced by the deposition of the catalyst within the framework, and that 
the materials were mesoporous in nature. 
Recent efforts towards super-microporous materials have involved the use of co-templates, 
mixed solvent systems, and ionic liquid templates, among others.158, 201-203 Despite this, the 
reported materials suffer from the aforementioned downsides of those produced with short 
chain conventional surfactants, including low crystallinity, broad pore size distributions, and 
a reduction in the number of available pores, all of which may hinder the efficacy of the 
materials in their intended applications. In order to overcome these limitations, a number of 
works have investigated the use of non-conventional surfactant micelle templates in the 
synthesis of super-microporous materials. In a 2007 study by Han and co-workers, a dimeric 
C8-2-8 type quaternary ammonium bromide gemini surfactant  (Figure 1.22a) was used as the 
SDA in the synthesis of porous silicates.176 The materials in this study possessed super-
micropores, moderate surface areas, and long range periodicity, and there was also a 
correlation between the latter and the concentration of the surfactant template. A 
subsequent work by the same authors also confirmed a positive correlation between the 
spacer length of the gemini surfactant template and the pore dimensions; however, this was 
conducted with a related set of  C14-n-14-type gemini surfactants (Figure 1.22b), resulting in all 
of the materials being mesoporous in nature.204 The capability of the structurally related 
trimeric C10-2-10-2-10-type quaternary ammonium bromide gemini surfactant  (Figure 1.22c) as 
an SDA has also been demonstrated by Sun and co-workers, where similarly ordered silicates 





Figure 1.22: Structures of a) C8-2-8 b) C14-n-14 and C10-2-10-2-10 quaternary ammonium gemini 
surfactants utilised as SDA’s in the synthesis of nanoporous silicate materials.176, 204-205 
Bolaform surfactants represent an exciting prospect towards the synthesis of high quality 
super-microporous materials. In brief, this is due to the capability of bolaform monomers to 
form smaller micelles than those of their conventional counterparts, due to the presentation 
of both polar head groups at the micelle surface. This correlation between bolaform monomer 
structure and the dimensions of the resulting aggregates are explored in Chapter 4 of this 
thesis. The potential of bolaform surfactants as SDAs has been previously demonstrated 
within our group, where a number of super-microporous silicates, aluminosilicates, and 
titanosilicates were synthesised using the asymmetric hydroxy bolaform surfactant 16-
hydroxy-N,N,N-triethylhexadecyl-1-ammonium bromide (TEC16OH) as the SDA (Figure 
1.23).104 The materials possessed moderately high surface areas and uniform pore size 
distributions, while crystal-like periodicity of the pores was also observed. These 
characteristics were thought to originate from the uniformly sized bolaform surfactant 
micelles in the templating solution. The potential of bolaform surfactants as SDAs has also 
been demonstrated by Yuen and co-workers, where a number of symmetric 
bis(methylimidazolium) bromide surfactants were used in the synthesis of nanoporous 
silicates.206 Similarly to conventional surfactant SDAs, a strong correlation between the 
number of methylene units and the pore width was observed, and super-micropores were 
formed when the 12 methylene unit monomer was used. However, the materials also 
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suffered from low surface areas, comparable to those of super-microporous materials 
produced with conventional surfactant templates.  
 
Figure 1.23: Transmission electron microscopy (TEM) image of super-microporous silicate 
prepared with asymmetric hydroxy bolaform surfactant 16-hydroxy-N,N,N-triethylhexadecyl-1-
ammonium bromide (TEC16OH) showing A) hexagonal super-micropores and B) intra-particulate 
secondary porosity.104 
To summarise, although the three primary classes of nanoporous materials have been well 
studied, the methods utilised in their synthesis have shown limited success when applied to 
the synthesis of super-microporous materials. This is primarily due to the physical constraints 
associated with conventional surfactant micelle and block copolymer SDAs, the 
supramolecular assemblies of which are marginally larger than the dimensions of the desired 
super-micropores. Accordingly, the synthesis of such materials is a primary aim of this work, 
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with efforts involving the use of a number of newly obtained asymmetric amino bolaform 
surfactants as SDAs in a soft templating procedure. The results of these studies are presented 
in Chapter 6 of this thesis. 
 
1.5 Thesis Outline 
 
Chapter 2 describes the synthesis and characterisation of nine new asymmetric bolaform 
surfactants, comprised of one quaternary ammonium bromide and one tertiary amino head 
group. The design rationale, development and optimisation of the synthetic route, and 
unexpected outcomes encountered during the synthesis of the surfactants are also 
presented. 
Chapter 3 describes the surfactant specific properties of the newly synthesised amino 
bolaform surfactants, with emphasis placed on the Krafft temperature (TK) and critical micelle 
concentration (CMC), both of which may significantly impact the performance of the 
surfactants as SDAs. 
Chapter 4 concerns the aggregates of the amino bolaform surfactants, with the aggregation 
number (N) and the dimensions of the micellar aggregates of interest. The estimation of these 
parameters via 1H-NMR, diffusion and molecular tracer studies, and dynamic light scattering 
(DLS) is presented, and the viability of each technique in the context of this work is discussed.  
Chapter 5 describes the effect of ionisation state of the amino bolaform surfactants on their 
surfactant and aggregation properties. The free base and protonated forms of a number of 
the amino bolaforms are compared, where drastic differences were noted in some cases. The 
impact of these changes with respect to the use of the amino bolaforms as SDAs and in other 
applications is discussed. 
Chapter 6 explores the use of the amino bolaform surfactants as SDAs towards the synthesis 
of super-microporous silicate materials via a soft templating method. The development of a 
standardised templating procedure utilising the conventional surfactant 
cetyltrimethylammonium bromide (CTAB) is presented, with substitution of CTAB for a 
number of the amino bolaform surfactants resulting in three new nanoporous silicates with 
unique porous hierarchies. The analysis of these silicates via a number of standard materials 
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characterisation techniques is described, and the recovery of the amino bolaforms from the 
materials was also explored. 
Chapter 7 outlines the key outcomes of this work, and future studies which may complement 
these outcomes are suggested. The proposed studies concern both the amino bolaforms and 
their use as SDAs. 
Chapter 8 contains the experimental procedures utilised throughout this work, as well as 
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Chapter 2: Synthesis of Amino Bolaform 
Surfactants 
 
2.1 Synthetic Targets and Approach 
 
The synthetic targets in this work have the general structure indicated in Figure 2.1, where 
the quaternary ammonium bromide head group is denoted α, the 16-member linear alkyl 
chain denoted C16, and the tertiary amino head group denoted ω. A comprehensive list of 
head group abbreviations is available in the abbreviations section. 
 
Figure 2.1: General structure of asymmetric amino bolaform surfactants in this work.  
The asymmetric amino bolaform surfactants 1a-c were selected as the primary synthetic 
targets for this work (Figure 2.2), with the trimethylammonium bromide (TM) α head groups 
and the 16-member linear alkyl chain (C16) selected due to their regular occurrence in 
surfactant research.1 All three targets also include tertiary amine moieties as the ω head 
group; these were included based on previous work within the group with related hydroxy 
and carboxy bolaform surfactants, where remarkable solution behaviour was observed.2 
Moreover, although simple amine groups are common in pH responsive surfactant systems, 
literature regarding their incorporation into non-conventional monomer structures is 
limited.3 The amino bolaform targets in this work therefore present an excellent opportunity 
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to probe the relationship between amine functionality and solution behaviour in a complex 
structural context. 
 
Figure 2.2: Structures of asymmetric amino bolaform surfactants 1a-c, the initial synthetic 
targets of this work. 
The synthetic route towards the target surfactants is outlined in Scheme 2.1. Here, the 
asymmetric nature of 1a-c necessitates the synthesis of a number of asymmetric precursor 
species (5a-c, 6a-c, and 7a-c) which are sequentially modified to obtain the target 
surfactants. Initially, asymmetric hydroxy-amide precursors 5a-c are obtained via a 
procedure involving the appropriate secondary amine, diisobutylaluminium hydride (DIBAL-
H), and 16-hexadecanolide 4. These hydroxy-amides are then reduced to the corresponding 
hydroxy-amines 6a-c, with subsequent bromination affording the corresponding bromo-
ammonium bromide precursors 7a-c. The target surfactants 1a-c are then obtained via a 
Menshutkin quaternisation reaction, which results in the formation of the TM α head group. 
In previous work towards analogous asymmetric bolaform surfactants, the introduction of 
quaternary ammonium bromide head groups early in the synthetic route complicated the 
purification of the precursor compounds, due to the surfactant-like properties these head 
groups convey upon their introduction.4-5 It was therefore decided to incorporate the TM 









2.2 Synthesis of Hydroxy-amide Precursors 5a-c 
 
The first step in the synthetic pathway towards 1a-c involved the synthesis of a set of 
asymmetric hydroxy-amide precursors 5a-c (Scheme 2.2). Utilising previously developed 
methods, these precursors may have been obtained via a multi-step route (Scheme 2.2, 
red). Here, lactone 4 and hydrobromic acid (HBr) are reacted under dehydrating conditions 
to obtain 16-bromohexadecanoic acid 8.5 The resulting carboxyl group can then be 
converted to the corresponding tertiary amide via reaction with the appropriate secondary 
amine and ethyl chloroformate (ECF), followed by treatment with an inorganic base to 
obtain 5a-c. Despite some of these procedures being successfully utilised in the past, it was 
predicted that the hydroxy-amides could be obtained directly from the lactone starting 
material, reducing the time and resource investment of the overall synthetic route (Scheme 
2.2, blue). 
 
Scheme 2.2: Previously developed (red)4 and current (blue) pathway for synthesis of hydroxy-
amide surfactant precursors 5a-c.  
A 2012 study by Huang and co-workers described the one-pot reductive 
hydroxyalkylation/alkylation of amines, using both lactones (Scheme 2.3) and ester starting 
materials.6 The authors reported that the reaction proceeds via the formation of a novel 
DIBAL-H/amine complex, with subsequent reduction with additional DIBAL-H yielding the 
desired synthetic fragments. A wide substrate scope was also demonstrated, where lactones 
of various sizes and either primary amines or the acid salts of secondary amines were 
reacted to obtain the corresponding products in excellent yields. Accordingly, it was 
predicted that this procedure could be adapted to produce the desired asymmetric 




Scheme 2.3: Reductive hydroxyalklyation/alkylation of amines with lactones developed by 
Huang and co-workers.6 
The unmodified procedure reported by Huang and co-workers was first trialled with lactone 
4 and dimethylamine hydrochloride as the reactants (Scheme 2.4, red). This was 
unsuccessful, as indicated by the 1H-NMR spectrum of the crude residue, where only the 
proton signals of starting material 4 were observed. Accordingly, the isolation of hydroxy-
amide precursor 5a was attempted in a subsequent trial of the reaction. However, this was 
also unsuccessful, with the 1H-NMR spectrum of this crude product containing only the 
proton signals of lactone 4. This suggested that the ring-opening portion of the reaction was 
not proceeding as intended. This was remedied via the use of a two-fold excess of the 
DIBAL-H/amine complex, which was left stirring for 3 hours to ensure complete formation of 
the complex before addition to the lactone mixture. Additionally, full conversion of lactone 4 
to 5a was only observed after a greatly extended reaction time at room temperature, in 
comparison to the 30 minutes described in the literature.6 This may have been be due to the 
bulk of lactone 4 relative to those used by the authors, the largest being the 7 member ε-
caprolactone. The timeframe of the reaction was subsequently improved via mild heating 
(40 °C) of the reaction mixture containing the DIBAL-H/amine complex. 
 
Scheme 2.4: Attempted conversion of lactone 4 to hydroxy-amine 6a via literature method 
(red),6 and successful conversion to hydroxy-amide 5a (black).  
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After modification of the literature procedure, a purification method was developed in order 
to obtain the hydroxy-amide precursors 5a-c as required. In brief, the crude products were 
obtained via standard organic extraction in dichloromethane (DCM), with the extracts 
washed with dilute NaOH solution, water, and then brine. Subsequent recrystallisation in 
ethyl acetate (EtOAc) afforded 5a-c as crystalline white powders, typically in yields above 
75%. Moreover, as these hydroxy-amide precursors had not been previously reported, 5a-c 
were characterised via 1H-NMR, 13C-NMR, and infrared (IR) spectroscopy, elemental analysis, 
and electrospray ionisation (ESI) mass spectrometry. Evidence for conversion of lactone 4 to 
hydroxy-amides 5a-c was observed in the corresponding 1H-NMR spectra, with the presence 
of characteristic proton signals of amine head groups a-c and the upfield shift of the triplet 
signal associated with the protons of the α carbon indicative of transformation to the 
corresponding hydroxy-amide. 13C-NMR, IR, elemental analysis and ESI mass spectrometry 
data were also consistent with the formation of the desired products. 
 
2.3 Synthesis of Hydroxy-amine Precursors 6a-c 
 
After successfully obtaining 5a-c, the next step towards surfactants 1a-c involved the 
reduction of the tertiary amide moieties to the corresponding tertiary amines 6a-c (Scheme 
2.5). These hydroxy-amine precursors may have been be obtained via further modification 
of the procedure developed by Huang and co-workers; however, it was predicted that more 
general procedures could be implemented.6 Accordingly, a literature procedure for the 
synthesis of modified amino acids and dipeptides via amide reduction was modified for this 
work.7 The procedure developed by Gioia, Liguori and co-workers involves the reduction of 
secondary and tertiary amides with lithium aluminium hydride (LAH) and titanium 
tetrachloride. For our purposes, it was predicted that a larger molar excess of LAH (3 eq.) 
could offset the exclusion of the titanium chloride activating agent, the exclusion of which 
may be beneficial regarding the substrate scope and economy of the reaction. The reduction 
was initially trialled on hydroxy-amide 5a, as the corresponding hydroxy-amine 6a had been 
previously synthesised, albeit via a different method, such that comparison of the respective 




Scheme 2.5: Synthesis of hydroxy-amine precursors 6a-c via reduction of hydroxy-amide 
precursors 5a-c. 
During optimisation of the reaction procedure, unexpected phenomena were observed in 
low concentration 1H-NMR samples of hydroxy-amine 6a in deuterated chloroform (CDCl3) 
which had not been previously reported (Figure 2.3, resonances A-E). Specifically, the signals 
associated with the methyl (A) and methylene (B) protons adjacent to the tertiary amino 
nitrogen appeared to shift downfield significantly, with the triplet and broad singlet 
normally associated with these groups appearing as a quadrupole signal and doublet, 
respectively, indicative of protonation of the tertiary amine. Furthermore, new triplet (D) 
and quintet (E) signals of unknown origin were also observed, whose appearance was also 
correlated with a decrease in relative integration of the signals assigned to the protons 
proximal to the hydroxyl group (C).  
 





Initially, it was speculated that these features originated from intermolecular hydrogen 
bonding, potentially leading to aggregation at low concentration. In order to assess the 
nature of the species in solution, a suite of 1H-NMR experiments were performed. Firstly, a 
1H-1H correlation spectroscopy (1H-COSY) experiment indicated that the new triplet (D) and 
quintet (E) were correlated with each other (Figure 2.4). Moreover, these new signals were 
not correlated with the signals assigned to the protons proximal to the hydroxyl group (C). 
This suggested the formation of a new chemical species during preparation of the sample, 
arising from the modification of the hydroxyl head group. 
 
Figure 2.4: 1H-COSY plot (CDCl3, 400 MHz) of low concentration sample of hydroxy-amine 
precursor 6a. 
In order to determine if the new species possessed a significantly different molecular mass 
to that of 6a, a diffusion ordered spectroscopy (DOSY) experiment was also performed. 
Briefly, DOSY enables the spectroscopic identification of chemical species in solution 
through measurement of their diffusion coefficients (D), with the value of D positively 
correlated with the molecular mass of the species. The use of this technique in the context 
of assessing the dimensions of amino bolaform micellar aggregates is presented in Chapter 
4, Section 4.2. Surprisingly, the 1H-DOSY plot of 6a (Figure 2.5) suggested that 6a and the 
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unknown species were of comparable molecular mass, as indicated by their remarkably 
similar diffusion coefficients (approximately 30 x 10-10 m2 s-1). A variable temperature 1H-
NMR study was also performed (25—65 °C), which indicated that the integration or splitting 
of any proton signals was unaffected by the sample temperature. Accordingly, the results of 
these 1H-NMR experiments ruled out the possibility of novel aggregation behaviour at low 
concentrations. 
 





Next, acetic acid (AcOH) was added to a high concentration sample of 6a to generate the 
corresponding conjugate acid 9 (Figure 2.6). This experiment was designed to determine if 
the new species occurred exclusively at low concentration, and to ascertain if protonation of 
the tertiary amine and modification of the hydroxyl head group were correlated. Upon 
addition of the acid, the signals of protons proximal to the tertiary nitrogen (A and B) shifted 
downfield and appeared identical to those observed in the low concentration sample (Figure 
2.3, A and B). This indicated that precursor 6a existed as the conjugate acid 9 in the low 
concentration samples. The formation of 9 was therefore attributed to the mild acidity of 
the CDCl3 solution used, as it is known that this can result from frequent exposure of CDCl3 
to ambient atmosphere and/or UV radiation.8 In order to support this theory, low 
concentration samples of 6a were prepared in other NMR solvents, including deuterated 
methanol (CD3OD), deuterium oxide (D2O) and a newly opened bottle of CDCl3. Protonation 
of 6a was not observed in any of these samples, and the signals associated with the 
unknown species were also not observed. In combination with the lack of formation of the 
unknown species in the high concentration sample of 9 (Figure 2.6), the data suggested that 
conversion of 6a to 9, and subsequent formation of the unknown species, was occurring in 
the low concentration samples. 
 
Figure 2.6: 1H-NMR spectrum (CDCl3, 400 MHz) of high concentration sample of hydroxy-
ammonium precursor 9, prepared in situ via addition of AcOH to hydroxy-amine 6a. 
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Accordingly, it was of interest to determine the time scale at which the unknown chemical 
species was being produced. This was accomplished via the preparation of a low 
concentration sample of 6a, and noting the intensities of the proton signals assigned to the 
conjugate acid 9 and the unknown species over an extended timeframe. The initial and final 
1H-NMR spectra of the sample are displayed in Figure 2.7, with spectrum a) recorded 
immediately after preparation and b) recorded after 12 days. The spectra suggest that 
formation of the new species occurs slowly, where the relative intensities of the unassigned 
triplet (D) and quintet (E) increased significantly over the timeframe of the study. 
Interestingly, this increase was accompanied by a decrease in intensity of proton signal (C), 
indicating that 9 was being directly converted to the unknown species, while broadening of 
quadrupolar signal (B) was also observed. The integrations of these signals also suggested 
that the new species accounted for approximately 15% of the mass composition of the 
sample immediately after preparation, increasing to approximately 40% after 12 days. No 
further change in this ratio was observed in spectra taken after the initial timeframe of the 
experiment, indicating the existence of an upper limit of conversion. 
 
Figure 2.7: Low concentration 1H-NMR spectra (CDCl3, 400 MHz) of hydroxy-amine precursor 6a 




Overall, the results of the various 1H-NMR experiments suggested the formation of a new 
chemical species in low concentration NMR samples of hydroxy-amine precursor 6a, with 
the two species being of similar molecular composition. In addition, its formation was also 
correlated with the conversion of 6a to the corresponding protonated form 9. The proposed 
structure of the species is presented in Figure 2.8, where the hydroxyl group of the 
protonated hydroxy-amine precursor 9 is converted to a carbonate moiety, resulting in the 
formation of ammonium carbonate 10. Despite being consistent with the results of the 
various NMR experiments, factors controlling the conversion of 6a to 9, and subsequently 
10, could not be inferred from the gathered data. Instead, the nature of the solvent system 
and the interactions between the functional groups present in the sample were considered. 
 
Figure 2.8: Proposed structure of new ammonium carbonate species 10 formed in low 
concentration 1H-NMR samples of 6a.  
Jessop and co-workers have previous reported the conversion of alcohols to alkylcarbonate 
ions in the development of CO2 triggered switchable solvents, surfactants and other 
materials.9 One of the first examples reported was a switchable polarity solvent system 
consisting of the amidine base 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) 11 and a primary 
alcohol (Scheme 2.6a).10 Upon addition of gaseous CO2, the amidine is protonated, and the 
alcohol is converted to the corresponding carbonate group. In relation to this work, low 
concentration samples of hydroxy-amine 6a may be analogous to the switchable polarity 
solvent system, where a basic nitrogen and primary alcohol are present. The sample may 
also have been exposed to a small amount of atmospheric CO2 during preparation, enabling 




Scheme 2.6: Comparison of a) CO2 triggered switchable polarity solvent system reported by 
Jessop and co-workers, and b) proposed formation of 10 in low concentration NMR samples of 
6a.10 
In addition to the proposed CO2 mediated route, it was predicted that ammonium carbonate 
10 may have been produced via an alternative pathway. As indicated by the previous 1H-
NMR spectra, the mildly acidic nature of the CDCl3 solution, originating from frequent 
exposure to atmosphere and UV radiation, resulted in the conversion of 6a to 9 at low 
concentrations. However, it is also known that exposure of chloroform and its equivalents to 
these stimuli may result in the generation of phosgene (carbonyl dichloride) via degradation 
of the solution.11 Therefore, if trace amounts of phosgene are present in low concentration 
samples of precursor 6a, it is predicted that the reaction of 9 and phosgene may afford an 
alternative route towards ammonium carbonate 10 (Scheme 2.7). Specifically, it is thought 
that phosgene may first partake in acyl-like substitution with the α-hydroxyl group of 9 
(Scheme 2.7a), with subsequent reaction of water and the chlorocarbonate intermediate 12 
resulting in the generation of 10 (Scheme 2.7b). All samples where 10 was identified 
provided evidence supporting the latter, where protons signals characteristic of residual 
water were observed in each case. 
 




The plausibility of the proposed routes towards the formation of 10 was investigated 
through the intentional exposure of an NMR sample of 6a to CO2. Experimentally, this was 
undertaken via the preparation of a sample where protons signals characteristic of 9 and 10 
were not observed, which was then subjected to a continuous flow of gaseous CO2 
generated from the sublimation of dry ice for a total of 150 minutes. 1H-NMR spectra of the 
sample were recorded at regular intervals, and a final spectrum was recorded 24 hours after 
the CO2 exposure timeframe. The spectra are displayed in Figure 2.9, where evidence 
consistent with the formation of 10 is observed. Firstly, the absence of the signals associated 
with the protons proximal to the ω nitrogen of 6a (environments (A) and (B)) are consistent 
with in situ protonation, with total conversion to the conjugate acid 9 occurring within the 
first 60 minutes of the study (spectrum c), environments (D) and (E)). It is at this point where 
the triplet characteristic of the carbonate group of 10 is observed (spectrum c), environment 
(F)), with the relative intensity of the signal increasing over the course of the experiment 
(spectra c) to g)). As this phenomenon was also observed in the previous timeframe study 
(Figure 2.7), the result of this experiment indicates that the proposed conversion of 6a to 10 
via a CO2 mediated pathway (Scheme 2.6, B)) is plausible. However, in relation to the 
original premise of the investigation regarding low concentration samples of 6a, it is 
speculated that both the phosgene and CO2 mediated pathways contribute towards the 
presence of 10. Specifically, it is thought that the small amount of 10 present immediately 
after sample preparation is generated via the phosgene mediated route, whereas 








Figure 2.9: Truncated 1H-NMR spectra of 6a (CDCl3, 400 MHz), indicative of conversion to 9 and 
subsequent partial conversion to 10 upon exposure to gaseous CO2. 
After resolving the 1H-NMR phenomena, the reaction procedure was optimised to produce 
high purity samples of the three hydroxy-amine derivatives 6a-c, with yields typically above 
75%. In brief, the crude products were commonly obtained as white crystalline powders via 
standard organic extraction in DCM, which were either immediately used in the subsequent 
synthetic step, or recrystallised from EtOAc as required. All three derivatives were 
characterised using 1H-NMR, 13C-NMR, and IR spectroscopy, elemental analysis, and ESI 
mass spectrometry, as 6a had been obtained via a new procedure, and hydroxy-amines 6b 
and 6c had not been previously reported. The collected spectroscopic data were all 
consistent with the conversion of 5a-c to 6a-c, with the upfield shift of the proton 
environments of head groups a-c in the 1H-NMR spectra, as well as the absence of the 
characteristic carbonyl carbon signal in the 13C-NMR spectra both indicative of reduction of 
the ω amide. The IR data was also consistent with this outcome, where the C=O stretching 
frequency associated with the amide group was not observed.  
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2.4 Synthesis of Bromo-ammonium Bromide Precursors 7a-c 
 
The penultimate step in the synthetic route involved the conversion of the α hydroxyl head 
groups of 6a-c to the corresponding bromides, in preparation for quaternisation (Scheme 
2.8). In the case of the analogous α hydroxy bolaform surfactants, this was achieved 
efficiently via bromination with a 33% HBr solution in AcOH, as previously demonstrated 
within the group.2, 4 In the case of hydroxy-amine precursors 6a-c, it was predicted that the 
ω tertiary amine would be protonated under these conditions, such that the product could 
be isolated as the corresponding bromo-ammonium bromide salt and converted back to the 
free base form at a later stage. Initial trials of the reaction with 6a suggested this was the 
case, as indicated by the characteristic downfield shift of the signals assigned to the protons 
proximal to the ω nitrogen in the 1H-NMR spectrum of the crude residue. The upfield shift of 
the triplet associated with the α-CH2 protons also confirmed the complete conversion of the 
α hydroxyl group to the corresponding bromide. 
 
Scheme 2.8: Synthesis of bromo-ammonium bromide precursors 7a-c via bromination of 
hydroxy-amine precursors 6a-c. 
After optimisation of the purification procedure, a modified version of the literature method 
was used to produce 7a-c in gram quantities. In brief, bromo-ammonium bromide 
precursors 7a-c were obtained via heating of the corresponding hydroxy-amine 6a-c (60 °C) 
with HBr in AcOH over 72 hours, followed by standard organic extraction with DCM. The 
crude products were obtained as white/brown solids, which were then treated with 
activated carbon and filtered through a Celite bed. Recrystallisation in EtOAc afforded 7a-c 
as white crystalline powders, with yields typically above 70%. The three derivatives were 
also characterised using 1H-NMR, 13C-NMR, and IR spectroscopy, elemental analysis, and ESI 
mass spectrometry, as they had not been previously reported. The collected spectroscopic 
data were consistent with the bromination of 6a-c, as indicated by the upfield shift of the 
triplet signals assigned to the α proton environments of 6a-c in their respective 1H-NMR 
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spectra; the upfield shift of the related carbon environments in the 13C-NMR spectra and the 
absence of the characteristic O-H stretching frequency in the respective IR spectra also 
supported this outcome. 
 
2.5 Synthesis of TM Bromide Amino Bolaform Surfactants 1a-c 
 
The final step in the synthetic route towards amino bolaforms 1a-c involved the 
replacement of the α bromide moiety with a quaternary ammonium bromide group 
(Scheme 2.9). As this functionality is responsible for the surfactant behaviour of the 
compound, the purification of the target compounds was anticipated to be problematic, as 
observed in previous bolaform surfactant syntheses.5 
 
Scheme 2.9: Conversion of bromo-ammonium bromide precursors 7a-c to corresponding amino 
bolaform surfactants 1a-c. 
The conversion of alkyl halides to the corresponding quaternary ammonium salts can be 
achieved via the Menshutkin reaction (Scheme 2.10).12 This reaction proceeds in an SN2-like 
manner, typically involving the reaction of the alkyl halide with a large excess of the tertiary 
amine in a polar solvent. Initially, the intention was to use a self-prepared trimethylamine 
(NMe3) solution in toluene as the source of the tertiary amine. In the past, this reactant was 
produced within the group via bubbling NMe3 gas through a toluene solution. However, 
gaseous NMe3 could not be sourced from a commercial supplier. Instead, a commercially 
available NMe3 in ethanol (EtOH) solution was used, as it was predicted that the change in 
solvent would not adversely affect the formation of the quaternary ammonium head group. 
Additionally, the large molar excess (10 molar equivalents) of base required was predicted 
to deprotonate the ammonium bromide groups of precursors of 7a-c, resulting in the 




Scheme 2.10: Representative Menshutkin quaternisation reaction.12 
1H-NMR spectra of small scales trials of the reaction with 7a-c indicated successful 
quaternisation, with the triplet characteristic of the α-CH2 proximal to the α bromide 
replaced with new multiplet and singlet signals which were assigned to the α-CH2 and CH3 
protons of the TM head group respectively. Despite this, the spectra also suggested that the 
ω tertiary amine head groups remained in the protonated form, as indicated by the position 
and signal shapes of the proton environments proximal to the respective ω nitrogen atoms. 
This implied that, even when present in a large molar excess, that NMe3 was not sufficiently 
basic to enable liberation of the free base forms of the target surfactants. This is consistent 
with the predicted basicities of the n-dodecylamine analogues of the target surfactants 1a-c, 
relative to NMe3 (Table 2.1). Here, the pKb of NMe3 (Entry 1) is comparable to those 
predicted for the N,N-dimethylamino (Entry 2) and N-piperidino (Entry 4) compounds, while 
that of the N-morpholino derivative (Entry 3) is significantly higher. At the time, the failure 
of the reaction medium to deprotonate the amine was not predicted to affect the isolation 
of the product, and recrystallisation of the acid salt forms of 1a-c directly from the crude 
mixtures was attempted in a wide range of solvent systems. This proved unsuccessful, with 
most systems affording no precipitate, with a small amount of non-filterable precipitate 
observed in other cases. Precipitation of the product directly from the reaction mixtures via 




Table 2.1: Relative basicities of NMe3 and n-dodecylamine analogues of amino bolaforms  
1a-c.13-14 














As the isolation of 1a-c from the crude reaction mixture in their protonated forms was 
unfeasible, it was predicted that treatment of the crude with a stronger base would enable 
the free base forms of the targets to be separated and purified. This was first attempted 
with the crude mixture of 1a via treatment with a 0.5 M NaOH solution, followed by organic 
extraction. Although the crude was readily soluble in the aqueous phase, the addition of 
DCM resulted in the formation of an extremely stable emulsion, which was only observed to 
separate into two phases overnight. Drying and removal of the solvent at reduced pressure 
resulted in a small amount of a brown/yellow oil, which was determined to contain the free 
base form of the product via 1H-NMR spectroscopy. Despite this, quantitative recovery of 
the product could not be achieved, even after subsequent extractions with DCM, EtOAc, and 
diethyl ether (Et2O). This was thought to originate from the high water-solubility conferred 
by the TM head group, enhancing the solubility of 1a in the aqueous phase, whether in the 
free base or protonated forms. Accordingly, it was predicted that the free base form could 
be obtained quantitatively via deprotonation in the presence of organic solvents, or in other 
words the total exclusion of water during the purification process. This was first attempted 
via dissolution of the crude in a DCM/methanol (MeOH) mixture, and passing the resulting 
solution through a basic alumina plug (Brockman’s, ACT I). The 1H-NMR spectrum of the 
resulting yellow oily solid indicated that the ω nitrogen of 1a had been liberated, as the 
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proton signals associated with the protonated form of the surfactant were not observed; 
this confirmed that 1a had been acquired in its free base form. This procedure was 
subsequently utilised to obtain amino bolaforms 1a-c in good yields, typically above 75%. In 
brief, the final purification process involved the removal of the reaction solvent and excess 
NMe3 at reduced pressure, after which the crude products were treated with activated 
carbon to remove residual colour. The resulting oils were then dissolved in organic solvent 
and passed through a basic alumina plug, with subsequent recrystallisation in acetonitrile 
(MeCN) or acetone affording the surfactants as white semi-crystalline powders. 
Once obtained in gram quantities, surfactants 1a-c was characterised using 1H-NMR, 13C-
NMR, and IR spectroscopy, elemental analysis, and ESI mass spectrometry. Evidence for the 
formation of 1a-c was observed in the respective 1H-NMR spectra, with the replacement of 
the triplet signals associated with the α proton environments of 7a-c with characteristic 
quadrupolar proton signals indicative of successful quaternization; this was also 
accompanied by the appearance of a sharp singlet associated with the three methyl groups 
of the TM head group. The data obtained from the other spectroscopic analyses were also 
consistent with this outcome; however, when initially assessed via elemental analysis, the 
elemental compositions of 1a-c did not agree with the calculated values within the typically 
accepted error range of ± 0.3%. This was observed in various batches of all three derivatives, 
even after multiple recrystallisations. This was predicted to be due to the hygroscopic nature 
of the surfactants, with deviations in elemental composition attributed to various levels of 
hydration of the solid. This was consistent with the purification method, where both organic 
recrystallisation solvents are water miscible. To support this theory, the samples were dried 
in a vacuum oven overnight in an attempt to drive off any residual water. However, this was 
unsuccessful, as the elemental composition remained inconsistent. The presence of water 
was eventually confirmed via thermogravimetric analysis (TGA), where a sample of amino 
bolaform 1b was found to contain ≈ 2% water by mass, which was consistent with the 
percentage composition values indicated by the elemental analysis data. Accordingly, the 
hygroscopic nature of the target surfactants suggests that elemental analysis may not be the 




2.6 Synthesis of Related Amino Bolaform Surfactants 
 
As observed in previous work, the modification of the head groups of asymmetric bolaform 
surfactants may have a significant effect on their surfactant properties.2, 15 It was therefore 
of interest to synthesise structural analogues of amino bolaforms 1a-c, in order to assess the 
substrate scope of the synthetic procedures, while also providing insight regarding the 
correlation of chemical structure and surfactant and aggregation properties for surfactants 
of this type. 
 
2.6.1 Synthesis of Triethylammonium Bromide (TE) Amino Bolaform Surfactants 
2a-c 
 
The first additional set of amino bolaform surfactants of interest were the 
triethylammonium bromide (TE) analogues (2a-c) of the initial targets 1a-c (Figure 2.10). In 
previous work with hydroxy bolaform surfactants, the added bulk of the TE head group 
resulted in significantly altered solution behaviour of the surfactants in comparison to 
structurally related TM monomers.2 It was therefore of interest to assess the effects of this 
head group replacement on the amino bolaform surfactants in this work. 
 




Due to their structural similarity with amino bolaforms 1a-c, it was predicted that 2a-c could 
be obtained via modification of the previously developed synthetic pathway (Scheme 2.11). 
Specifically, as both sets share the bromo-ammonium bromide precursors 7a-c, it was 
thought that the TE head group could be introduced via replacement of NMe3 with 
triethylamine (NEt3) in the final quaternisation reaction.  
 
Scheme 2.11: Pathway for synthesis of 2a-c, utilising previously developed procedures and 
shared asymmetric precursors. 
Similarly to TM bolaforms 1a-c, small scale trials towards the synthesis of 2a-c were 
successful, with 1H-NMR spectra indicative of quaternisation of the α head group. 
Additionally, the spectra also indicated that the ω tertiary amine head groups of TE 
bolaforms 2a and 2c remained protonated, while that of the morpholino derivative 2b was 
in the free base form in the crude residue. This can be rationalised by the significant 
difference in basicity between NEt3 and the predicted values for the n-dodecylamine 
analogue of 2b (Table 2.2, Entries 1 and 3), a difference which is not observed between NEt3 




Table 2.2: Relative basicities of NEt3 and n-dodecylamine analogues of amino bolaforms  
2a-c.14, 16 














Interestingly, a multitude of complex signals of unknown origin  were observed in the 1H-
NMR spectra of the crude residues for all three derivatives, with the spectrum of 2a 
producing signals with the highest relative intensities (Figure 2.11). The residues were also 
orange/brown in colour, in contrast to the yellow appearance of the TM bolaform crude 
products. As these signals were not observed during the isolation of 1a-c, it was predicted 
that these originated from yet unknown by-products arising from the presence of NEt3 in the 
reaction mixture. Although unexpected, it was initially thought that these by-products would 
not affect the isolation of the TE surfactants, and would be removed when the previously 
utilised purification methods were employed. However, this was not the case, and the by-
products could not be removed via treatment with activated carbon nor basic alumina. 
Moreover, the presence of the by-products in the solvent system seemed to adversely affect 
the recrystallisation process, whereby 2b and 2c were obtained in low yield as white 
powders, while 2a could not be isolated in this manner. Therefore, as the previously 
established purification procedures were insufficient, it was of interest to elucidate the 
structures of the by-products, in an effort to develop a purification procedure suited to the 
TE bolaforms. Surfactant 2a was selected for this purpose, as any developed procedures 




Figure 2.11: 1H-NMR spectrum (CDCl3, 400 MHz) of the crude residue of TE amino bolaform 2a. 
In order to assess the composition of the crude mixture, an ESI mass spectrum was obtained 
(Figure 2.12). Although certain signals were assigned to the product (m/z = 369.418 ([M]+) 
and 185.214 ([M]2+)), a multitude of other signals were also observed, indicating the 
presence of a number of by-products. The proposed structures of these by-products are 
displayed in Table 2.3. As indicated by the 1H-NMR spectrum of the crude (Figure 2.11), the 
large molar excess of NEt3 in the reaction mixture did not afford full deprotonation of the 
tertiary amine head group, due to the negligible difference in basicity between the two 
nitrogens (Table 2.2). However, it is also expected that some of the ω head groups exist in 
the liberated free base form, thus enabling the nitrogen to act as a nucleophile in an 
intermolecular quaternisation reaction with the α bromide of another precursor molecule, 
resulting in the formation of a dimeric quaternary ammonium species 13 (Table 2.3). 
Moreover, if in the free base form, the terminal nitrogen of this dimeric species is also able 
to partake in further intermolecular quaternisation reactions, which can lead to the 
formation of larger oligomeric species (Table 2.3, 14 and 15). The formation of these species 
is consistent with the observed fragmentation pattern (Figure 2.12), where preference for 
the dimeric species 13 is observed over the trimeric and tetrameric species (14 and 15) 
respectively. The proposed formation of oligomeric by-products via intermolecular 
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quaternisation is also consistent with the NMR data for all three TE bolaforms. Here, the ω 
nitrogen of 2a is predicted to be the most nucleophilic of the three derivatives, which results 
in the formation of more oligomeric by-products, and as a result, greater relative intensity of 
by-product signals in the 1H-NMR spectrum of the crude. By comparison, fewer oligomeric 
by-products are formed in the case of 2b and 2c, as a consequence of both electronic and 

















Table 2.3: Proposed structures of species in the mass spectrum of the crude residue of 2a.   



























268.300 [C18H38N]+ 268.299 
 
In addition to the oligomeric by-products, the mass spectrum of 2a suggested the formation 
of a cyclic quaternary ammonium by-product (Table 2.3, (16)). Instead of partaking in 
intermolecular quaternisation, the liberated tertiary amine is thought to partake in an 
intramolecular cyclic quaternisation, resulting in the formation of a symmetrical cyclic 
quaternary ammonium species comprised of a 17-member ring and 2 methyl groups 
attached to the quaternary nitrogen. The structure of 16, later denoted as DMC16Cyclo, was 
later confirmed during the development of purification procedures for the reaction, where a 
small amount was isolated and characterised via 1H-NMR and 13C-NMR spectroscopy, and 
ESI mass spectrometry. Although surfactants containing cyclic quaternary ammonium 
functionality have been previously reported, these studies primarily concern 5 and 6 
member head groups of the hydrophilic domains of the compounds, rather than 
incorporation into the hydrophobic domain of the monomer.17 Therefore, due to its 
distinctive structure and potentially unique surfactant properties, the development of a 
synthetic procedure towards 16 was undertaken. 
In the case of the original quaternisation reaction towards 2a with NEt3, the isolated mass of 
16 only accounted for a negligible amount of the overall product composition (less than 1%). 
It was therefore predicted that 16 could be obtained in more workable quantities via 
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modification of the original reaction conditions to promote the intramolecular 
quaternisation. Initially, this was attempted via replacement of the organic base NEt3 with 
K2CO3, and the reaction solvent was also changed to a mixed system of water and MeOH 
(Scheme 2.12a). This was undertaken to ensure the original quaternisation with NEt3 did not 
occur, while ensuring both the precursor and inorganic base were soluble in the reaction 
medium. Additionally, the solvent volume was increased, effectively reducing the 
concentration of 7a, which was undertaken to decrease the probability of intermolecular 
oligomerisation. Initial attempts under these conditions resulted in the formation of a small 
amount of 16 and some oligomeric by-products, as observed in the 1H-NMR spectrum of the 
crude. However, the majority of the crude was comprised of the unreacted bromo-
ammonium bromide 7a, albeit in the corresponding free base form (BrC16NMe2). A 
subsequent attempt of the reaction performed with EtOH in place of MeOH and at higher 
temperature also resulted in a crude mixture of identical composition. At this stage, it was 
proposed that the inorganic base and the mixed solvent system were inhibiting the 
formation of 16. It was therefore decided to switch to a purely organic reaction medium, 
while also converting the bromo-ammonium bromide 7a precursor to its free base form 
before attempting the intramolecular quaternisation (Scheme 2.12b). Unfortunately, these 
modifications did not result in appreciable amounts of 16, as the 1H-NMR spectra of the 
crude residues were identical to those of the mixed solvent systems, whether the former 
were performed in MeOH or toluene. Altogether, the results of these attempts suggested 
that the synthesis of 16 requires the development and optimisation of a more specialised 
procedure. Therefore, as 16 was not one of the primary synthetic targets, its synthesis was 
not pursued further.  
 
Scheme 2.12: Attempted synthesis of DMC16Cyclo (16) via a) in situ deprotonation of 7a with 
inorganic base, and b) via isolation of the free base form of 7a. 
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Once the identities of the by-products had been elucidated, isolation of 2a from the crude 
mixture was investigated. Jolliffe and co-workers reported the purification of a range of bis-
quaternary ammonium surfactants via flash column chromatography, where the desired 
compounds were eluted with a NEt3/MeOH/DCM solvent mixture.18 As these salts were 
structurally similar to the protonated form of 2a, it was predicted that modification of the 
reported procedure would afford isolation of 2a from 13-16. In brief, the crude residue of 2a 
was processed via normal phase flash column chromatography, eluting with DCM, 5% 
MeOH/DCM, and 10% MeOH/DCM. After combining the fractions containing the surfactant, 
the removal of 13-16 was confirmed via 1H-NMR spectroscopy, and the free base form was 
liberated via treatment of the residue with basic alumina, as used in the purification of the 
TM bolaforms 1a-c. Subsequent recrystallisation in EtOAc afforded 2a as a white powder. 
The described chromatographic procedure was subsequently utilised in the purification of 
2b and 2c. Unfortunately, the formation of by-products 13-16 drastically reduced the final 
yields, independent of whether column chromatography was utilised, with yields ranging 
from approximately 10 to 30%. Once isolated, the three TE bolaforms were characterised 
using 1H-NMR, 13C-NMR, and IR spectroscopy, elemental analysis, and ESI mass 
spectrometry, as they had not been previously reported. Similarly to TM bolaforms 1a-c, the 
1H-NMR spectra of 2a-c indicated successful functionalisation of the α carbon, where 
quadrupolar signals characteristic of protons proximal to a quaternary nitrogen were 
observed; new triplet and quadruplet signals correlated to the three ethyl groups of the TE 
head groups were also assigned. The data collected using other spectroscopic techniques 
were also in agreement with this outcome. 
 
2.6.2 Synthesis of Pyridinium Bromide (Pyr) Amino Bolaform Surfactants 3a-c 
 
In addition to the TM and TE sets, the synthesis of amino bolaforms with pyridinium 
bromide (Pyr) head groups was also desired (Figure 2.13). This head group is commonly 
incorporated into conventional monomer structures,19 and thus its inclusion in this study 
would provide valuable insight as to its influence on the surfactant and aggregation 




Figure 2.13: Structures of Pyr amino bolaform surfactants 3a-c. 
Similarly to the synthesis of TE bolaforms 2a-c, it was predicted that 3a-c could be obtained 
via modification of the previously developed synthetic pathway (Scheme 2.13), where the 
shared bromo-ammonium bromide precursors 7a-c could be reacted with pyridine to afford 
the corresponding Pyr head groups. Initial small scale trials of the quaternisation proved 
successful, and the reaction was later performed consistently at larger scales to obtain 3a-3c 
in gram quantities. Unlike their TE bolaform counterparts, purification of 3a-c via 
chromatography was not required, as oligomeric and/or cyclic by-products were not 
observed in their respective 1H-NMR spectra. This was thought to originate from the lower 
basicity of pyridine relative to NEt3, which ensured the ω nitrogen atoms of 7a-c remained in 
their respective protonated forms in the reaction medium. Briefly, 3a-c were purified via 
treatment with activated carbon and basic alumina, and subsequently isolated as semi-
crystalline white powders via recrystallisation, with yields typically above 70%. Each 
derivative was then characterised using 1H-NMR, 13C-NMR, and IR spectroscopy, elemental 
analysis, and ESI mass spectrometry, with the formation of 3a-c supported by the 
observation of proton signals associated with both the Pyr head group (ortho-, meta-, and 
para-) and α proton environments in the respective 1H-NMR spectra. The related carbon 
atoms were also assigned in the respective 13C-NMR spectra, while other spectroscopic data 





Scheme 2.13: Pathway for synthesis of 3a-c, utilising previously developed procedures and 




In summary, the three primary synthetic targets of this work 1a-c were successfully obtained 
via a four step synthetic route involving multiple asymmetric surfactant precursors (Scheme 
2.1). The scope of the route was also demonstrated via the synthesis of two sets of related 
TE and Pyr amino bolaform derivatives (2a-c and 3a-c). In total, nine new amino bolaform 
surfactants and eight new asymmetric surfactant precursors (5a-c, 6b-c, and 7a-c) were 
isolated, purified, and characterised via standard spectroscopic techniques. Cost-effective 
reagents, common experimental procedures and previously developed techniques were 
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Chapter 3: Surfactant Properties of 
Amino Bolaforms 
 
As outlined in Chapter 1, research interest regarding surfactants is focused on their 
behaviour at interfaces and in aqueous media, rather than the nature of the pure solids. In 
the case of surfactant solutions, the profile of a monomer can be outlined via a range of 
surfactant-specific properties, which can be used to predict performance within the bounds 
of an application. In addition, relationships between chemical structure and solution 
behaviour may be elucidated via measurement of these properties, which often proves 
invaluable in terms of structural optimisation. In the context of this work, it was of interest 
to assess some of the surfactant specific properties of the newly obtained amino bolaform 
surfactants 1a-c, 2a-c, and 3a-c, in order to determine their feasibility as SDAs in the 
synthesis of super-microporous silicates. Particular interest is placed on the Krafft 
temperature (TK) and critical micelle concentration (CMC), as these pertain to the 
practicability of the amino bolaforms under hydrothermal conditions. Furthermore, 
comparison of the surfactant properties to those of structurally analogous conventional and 
bolaform surfactants would yield a greater understanding of the correlation between 
bolaform structure and solution behaviour. 
 
3.1 Krafft Temperature (TK) 
 
The Krafft temperature (TK) is a key parameter in the profile of a surfactant’s solution 
behaviour, and is inherently linked to the critical micelle concentration (CMC); the latter is 
defined in Section 3.2. Also referred to as the critical micelle temperature or Krafft point, TK 
is defined as the temperature at which the solubility of a surfactant is equal to the CMC 
value, or in other words, the temperature above which self-assembly can occur.1 The value 
of TK can be visualised with the aid of a surfactant phase diagram (Figure 3.1). At all 
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temperatures below TK, surfactant monomers only exist in a hydrated crystalline state, 
whereas above TK, the surfactant exists as either individual solubilised monomers or as 
micellar aggregates, depending on the concentration. The value of TK can therefore be 
conceptualised as the melting point of the hydrated surfactant crystal,2 and any 
interrogation of the self-assembly behaviour of a given surfactant must be performed above 
this temperature.  
 
Figure 3.1: Schematic phase diagram of a conventional surfactant in aqueous solution, with 
solubility limit, CMC, and Krafft Temperature labelled.3 
The TK of a surfactant is governed by the relative free energies of the crystalline and 
solubilised states, with the value strongly influenced by the chemical composition. Thus, the 
assessment of TK values across a range of surfactant derivatives can provide insight as to the 
relative strengths of the molecular interactions present in the solid state, which may be used 
in the optimisation of the monomer structure. This correlation between structure and TK can 
be observed upon comparison of a number of conventional quaternary ammonium bromide 
surfactants (Table 3.1), where the value of TK is governed by the structure of both the 
hydrophobic and hydrophilic domains. For the former, an increase in the number of 
methylene units results in higher TK values (Entries 1-4, 5-8, and 9-10), attributed to 
increased Van der Waals interactions between neighbouring alkyl chains in the crystal 
structure.4 The addition of branching to these alkyl chains may also disrupt the packing of 
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the monomers, resulting in lower TK values.5 The composition of the hydrophilic domain also 
influences the TK value, as demonstrated by the values of the TM, TE, and Pyr conventional 
surfactant analogues of the amino bolaforms in this work (Entries 2, 6, and 10). Here, the 
TM and Pyr surfactants share similar TK values (Entries 2 and 10), while that of the TE 
derivative is significantly lower (Entry 6), which suggests that the geometry of the Pyr head 
group enables tighter packing of the associated monomers in the solid state relative to the 
TE derivative. This ultimately results in the Pyr and TM monomers possessing similar TK 
values, as the latter also enables tighter packing of monomers in the solid state compared to 
the TE derivative. This highlights the importance of the steric profile of the polar domain as 
well as its relative size. Moreover, the counterion of monomers with ionic head groups may 
also impact TK.6 
Table 3.1: TK values for some conventional quaternary ammonium bromide surfactants.7  
Entry Surfactant TK (°C) 
1 TMC12 < 0 
2 TMC16 25 
3 TMC18 37 
4 TMC20 44 – 46 
5 TEC12 < 0 
6 TEC16 < 0 
7 TEC18 11.5 – 12 
8 TEC20 18 -19 
9 PyrC15 14 -15 





Similarly to their conventional counterparts, the composition of bolaform surfactants also 
influences their TK values. The presence of the additional polar domain generally results in 
bolaforms possessing greater TK values than their conventional analogues, although this is 
not always the case. This has been previously investigated in our group, where the crystal 
structure of the asymmetric hydroxy bolaform TMC16OH was obtained (Figure 3.2) in order 
to determine the factors governing its unusually high TK (63 °C)7 relative to its conventional 
analogue TMC16 (Table 3.1, Entry 2). Here, the interdigitated crystal structure suggests that 
TMC16OH benefits from two additional electrostatic interactions in the solid state, namely a 
hydrogen bonding interaction between the ω hydroxy head group and the bromide 
counterion of the neighbouring monomer, and an ion-dipole interaction between the 
hydroxy group and the neighbouring α quaternary ammonium ion.7 As these interactions are 
not present for TMC16, the bolaform monomers are more stable in the crystalline state; this 
effectively renders the release of free monomers less energetically favourable, which 
manifests as an increased TK value. Despite this, the nature of the additional polar domain is 
also a key determinant of the TK, as demonstrated by the room temperature solubility of 
structurally related symmetric bisquaternary ammonium bromide bolaform surfactants.8 In 
this case, the electrostatic interactions imparted by the second quaternary ammonium 
bromide head groups are thought to be weaker than those present in the case of TMC16OH, 
resulting in the symmetric examples possessing similar TK values to their conventional 
surfactant counterparts. 
 
Figure 3.2: Interdigitated crystal structure of hydroxy bolaform surfactant TMC16OH.7 
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The correlation between chemical composition and TK for conventional quaternary 
ammonium bromide surfactants is also observed for their asymmetric hydroxy and carboxy 
bolaform analogues (Table 3.2). In the first instance, lengthening of the hydrophobic spacer 
results in elevated TK values (Entries 1-3, 4-6, and 7-8), due to increased Van der Waals 
interactions between neighbouring monomers. Many of the hydroxy bolaform examples 
(Entries 1, 3, 6, 7, and 8) also possess TK values far greater than their respective conventional 
surfactant analogues (Table 3.1, Entries 1, 2, 6, 9, and 10), which is consistent with the 
additional stability provided by the ω hydroxy group in the solid state. In addition, the TK 
values of the TM and Pyr bolaforms (Table 3.2, Entries 1-3 and 7-8) are significantly greater 
than those of the TE examples (Entries 4-6). This is also the case with their conventional 
surfactant analogues (Table 3.1), and indicates that the composition and steric profile of the 
quaternary ammonium head group remains a key determinant of the TK, even in the 
presence of the additional head group. Interestingly, the TK values of the two carboxy 
bolaform examples (Table 3.2, Entries 9-10) are significantly greater than those of the 
hydroxy bolaforms (Entries 1-8). This is likely due to the strength of the electrostatic 
interactions imparted by the carboxy head group in the solid state; however, the nature of 
these interactions have not been investigated, and would require the crystal structures of 
the surfactants to be obtained. 
Table 3.2: TK values for some asymmetric hydroxy and carboxy quaternary ammonium bromide 
bolaform surfactants.7, 9 
Entry Surfactant TK (°C) 
1 TMC12OH 40 
2 TMC15OH 50 
3 TMC16OH 63 
4 TEC12OH < 0 
5 TEC15OH 18 
6 TEC16OH 18 
7 PyrC15OH 50 
8 PyrC16OH 55 
9 TMC15COOH 72 




3.1.1 Krafft Temperatures of Amino Bolaforms 
 
Initially, it was predicted that the primary set of TM amino bolaforms 1a-c would possess 
elevated TK values, similarly to their hydroxy and carboxy bolaform analogues (Table 3.2, 
Entries 3 and 9). However, 1a-c were quickly determined to possess remarkably low TK 
values (Table 3.3, Entries 1-3), which were first noted during development of the purification 
procedures described in Chapter 2. Here, all three surfactants were readily soluble in various 
aqueous solutions at room temperature, regardless of the presence of ionic additives or the 
solution pH. Once isolated as pure solids, the low TK values were confirmed via the cooling 
of 1% w/w solutions of 1a-c to approximately 4 °C in a refrigerator. After one week at this 
temperature, the solutions did not appear turbid, nor was any precipitate observed, 
indicating that the TK values were close to or below the freezing point of water. Identical 
experiments were also performed with amino bolaforms 2a-c and 3a-c, all of which 
displayed similar behaviour (Table 3.3, Entries 4-9). 
Table 3.3: TK values of amino bolaform surfactants in this work. 
Entry Surfactant Number TK (°C) 
1 TMC16NMe2 1a < 4 
2 TMC16N-Morph 1b < 4 
3 TMC16N-Pip 1c < 4 
4 TEC16NMe2 2a < 4 
5 TEC16N-Morph 2b < 4 
6 TEC16N-Pip 2c < 4 
7 PyrC16NMe2 3a < 4 
8 PyrC16N-Morph 3b < 4 
9 PyrC16N-Pip 3c < 4 
 
The unexpectedly low TK values of the amino bolaforms may be rationalised by the 
interactions present between the monomers in the crystalline state. Similarly to their 
hydroxy and carboxy bolaform counterparts, the inclusion of the tertiary amino ω head 
group is predicted to introduce additional electrostatic interactions between neighbouring 
head groups; however, these interactions are predicted to be significantly weaker, owing to 
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the head group composition. Specifically, the ion-dipole interaction between the ω tertiary 
amino nitrogen and the α quaternary ammonium nitrogen atom of the neighbouring 
monomer is predicted to be far weaker than that between the ω oxygen and α quaternary 
ammonium nitrogen atoms of the TMC16OH bolaform (Figure 3.2). Additionally, the added 
bulk of the dimethyl, morpholino, and piperidino moieties may also result in added 
disruption of the packing in the solid state, also contributing towards the low TK values. 
In order to investigate the nature of the interactions in the crystalline state, it was of 
interest to obtain crystal structures of some of the amino bolaforms synthesised in this 
work. Generally, single crystal X-ray crystallography requires a sufficiently sized crystal of the 
compound of interest, with no significant imperfections present.10 Unfortunately, while 
some of the amino bolaforms were obtained as fine semi-crystalline powders, crystals of 
adequate size could not be obtained for X-ray analysis. Thus, the interactions between head 
groups in the solid state could not be interrogated. However, the failure to obtain X-ray 
quality crystals supports the theory regarding disruption of the solid state packing due to the 
structures of the tertiary amine ω head groups, a proposal which is also consistent with the 
low TK values. 
 
3.2 Critical Micelle Concentration (CMC) 
 
The critical micelle concentration (CMC) is another key descriptor of a surfactants solution 
behaviour. It is defined as the minimum amount of surfactant required for self-assembly at a 
given temperature, whereby the addition of any excess surfactant will increase the 
concentration of the supramolecular assemblies.11 In other words, the CMC describes the 
equilibrium between individual surfactant monomers and micellar aggregates in solution, 
and may be visualised as the barrier between the two solubilised states on a surfactant 
phase diagram (Figure 3.1).12 In addition, the CMC is undefined below the Krafft 
temperature, as there are insufficient surfactant monomers available in solution for 
aggregation to occur. 
Similarly to the TK, the chemical structure of a surfactant governs its CMC. Specifically, the 
CMC is controlled by the hydrophilicity, and thus stability, of the solvated surfactant 
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monomers, with self-assembly being more thermodynamically favoured for monomers 
which are less water soluble. This correlation between polarity and the CMC can be 
observed upon comparison of a number of conventional quaternary ammonium bromide 
surfactant analogues of the amino bolaforms in this work (Table 3.4), where the 
composition of both the hydrophobic and hydrophilic domains influence the CMC value. For 
the former, lengthening of the hydrophobic tail results in lower CMC values (Entries 1-3, 4-6, 
and 7-9), as monomers comprising more methylene units are less water soluble. The 
structure of the quaternary ammonium bromide head group also influences the CMC, with 
the more hydrophobic TE and Pyr derivatives (Entries 4-6 and 7-9) possessing lower CMC 
values than the analogous TM monomer of equivalent tail length (Entries 1-3). This is most 
prominent for the more polar C12 derivatives (Entries 1, 4, and 7), with the effect diminished 
for monomers with longer tails (Entries 2, 5, and 8 and Entries 3, 6, and 9), due to their 
inherently low solubility. 
Table 3.4: CMC values for some conventional quaternary ammonium bromide surfactants.7, 9 
Entry Surfactant CMC (mM) 
1 TMC12 15 
2 TMC15 2.3 
3 TMC16 0.86 
4 TEC12 13 
5 TEC15 1.6 
6 TEC16 0.73 
7 PyrC12 11 
8 PyrC15 1.36 
9 PyrC16 0.75 
 
The incorporation of a second polar head group into the monomer structure leads to 
bolaform surfactants possessing CMC values far exceeding those of their conventional 
analogues. This can be observed for both symmetric (Table 3.5, Entries 1-3) and asymmetric 
(Entries 4-12) examples, with the CMC values for certain derivatives (Entries 4-10) being 
approximately one order of magnitude greater than those of the corresponding 
conventional monomers (Table 3.4, Entries 1-6 and Entry 9). Despite this, the chemical 
structure, and hence polarity of the bolaform monomer remains a key determinant of its 
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CMC, with C12 examples (Table 3.5, Entries 4 and 7) possessing drastically greater values 
than their C16 counterparts (Entries 6 and 9). This is also highlighted when the CMC values of 
the symmetric C16 (Entry 1) and asymmetric C16 bolaforms (Entries 6 and 9-12) are 
compared, where the ion-dipole interactions of the TM head groups of the former with 
solvating water molecules are stronger than the H-bonding interactions associated with the 
hydroxyl and carboxyl groups of the latter. This results in the symmetric bolaform being 
more soluble than its asymmetric counterparts, which manifests as an elevated CMC value. 
In the context of possible applications, the elevated CMC values of bolaform surfactants may 
limit their practicability in scenarios where their conventional equivalents are employed. 
This is of particular importance in industrial scale processes, as the increase in the required 
amount of surfactant may be financially prohibitive. 
Table 3.5: CMC values for some symmetric and asymmetric quaternary ammonium bromide 
bolaform surfactants.7-8, 13-14 
Entry Surfactant CMC (mM) 
1 TMC16TM 45 
2 TMC22TM 2.8 
3 TEC20TE 6.0 
4 TMC12OH 75 
5 TMC15OH 15 
6 TMC16OH 9.4 
7 TEC12OH 65 
8 TEC15OH 13 
9 TEC16OH 6.2 
10 PyrC16OH 5.9 
11 TMC15COOH 9.7 
12 PyrC15COOH 6.0 
 
3.2.1 CMCs of Amino Bolaforms 
 
The CMC of a surfactant may be determined via a number of methods, all of which involve a 
distinct change in the physico-chemical property of the system when the CMC is surpassed. 
This arises due to the state of the solubilised monomers significantly impacting these 
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properties. Experimentally, this typically manifests as a sharp change in gradient of the fitted 
trend line when the specific property is plotted against concentration, indicating the 
concentration above which micellar aggregates are present. Traditional techniques used in 
the determination of CMC values include tensiometry, conductivity, NMR spectroscopy, and 
fluorescence spectroscopy.7, 15 
1H-NMR spectroscopy is a well-established method used in the probing of surfactant 
aggregation. Here, distinct changes in the chemical shift, line width, and line shape of proton 
signals associated with the monomer may be observed upon self-assembly or phase change 
behaviour occurring, with mathematical manipulation of the data affording the relevant 
aggregation parameter.16 The 1H-NMR method was therefore utilised in the determination 
of the CMC values of the amino bolaforms, primarily due to the low amount of surfactant 
required, but with the added benefit that the data gathered could later be used to estimate 
the dimensions of the amino bolaform aggregates (Chapter 4). In the case of the CMC, the 
basis of the method is the change in chemical shift of characteristic proton signals upon a 
change in surfactant concentration. These shifts are attributed to the change in the local 
environment of protons upon the self-assembly of solubilised monomers into micellar 
aggregates. The phase transition from monomers to micelles may be represented by the 
closed association model, where there are two assumptions regarding the system:17  
 The concentration of surfactant monomers is constant above the CMC 
 These monomers are in equilibrium with one dominant micelle size. 
In this scenario, if the equilibrium of monomers and micelles is faster than the NMR 
timescale, then the observed chemical shift, δobs, of a specific proton signal is comprised of 
weighted contributions from both the monomers and the micelles (Equation 2): 
 
          𝛿 = 𝛿 + 𝛿              (2) 
 
where δmic is the micelle shift, δmon the monomer shift, Cmic the micelle concentration, Cmon 
the monomer concentration, and CT the total concentration of surfactant. Therefore, when 
δobs is plotted against 1/CT, two distinct regions of the plot may be observed, namely those 
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below and above the CMC of the surfactant. A representative plot of this type for the α 
proton environment (Pyr-CH2-) of bolaform 3a is displayed in Figure 3.3. Firstly, when CT is 
less than the CMC of the surfactant, only monomers are present in solution, and Equation 2 
simplifies to (Equation 3): 
 
𝛿 = 𝛿       (3) 
 
due to no contribution from micellar aggregates. This results in a virtually zero gradient 
regression at these concentrations. However, as CT approaches and surpasses the CMC of 
the surfactant, the contribution of δmic to δobs in Equation 2 increases rapidly, resulting in a 
linear regression with a steeper gradient. Assuming the monomer concentration remains 
constant, this can be modelled by (Equation 4): 
 
𝛿 = 𝛿 − (𝛿 − 𝛿 )                         (4) 
 
which represents the gradient of the slope above the CMC. Accordingly, the CMC of the 
surfactant may be determined from the intersection of these two linear regressions. 
 
Figure 3.3:  Plot of δobs vs 1/CT for α proton environment (Pyr-CH2-) of bolaform 3a. 
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Experimentally, the CMC values for the surfactants in this work were determined assuming 
the closed association model. Briefly, surfactant samples spanning the desired concentration 
range were prepared via dilution of a 40 mM stock solution in D2O, with each series of 
samples calibrated to an internal standard of trimethylsilylpropanoic acid (TSP). The 
preparation of each sample separately enabled any erroneously prepared or analysed 
samples to be replaced or re-analysed without repeating the entire experiment, as would be 
the case when titrating a single sample. After collection of the spectra, all sharp, well 
defined proton signals were used to determine the CMC, with the CMC only calculated for 
plots where a clear difference in gradient was observed. The final CMC values for the amino 
bolaform surfactants in this work are displayed in Table 3.6. The values presented are the 
averages of those obtained from the selected signals, along with the associated errors. 
Detailed experimental parameters are presented in Chapter 8, Section 8.4.1.  
Table 3.6: CMC values for amino bolaform surfactants in this work, determined via 1H-NMR 
spectroscopy. 
Entry Surfactant Number CMC (mM) 
1 TMC16NMe2 1a 4.7 ± 0.4 
2 TMC16N-Morph 1b 3.9 ± 0.8 
3 TMC16N-Pip 1c 1.8 ± 0.2 
4 TEC16NMe2 2a 2.9 ± 0.2 
5 TEC16N-Morph 2b 2.7 ± 0.5 
6 TEC16N-Pip 2c 1.7 ± 0.3 
7 PyrC16NMe2 3a 2.6 ± 0.4 
8 PyrC16N-Morph 3b 2.3 ± 0.3 
9 PyrC16N-Pip 3c 1.4 ± 0.4 
 
Overall, the CMC values of the amino bolaforms (Table 3.6) were lower than those of their 
previously characterised bolaform analogues (Table 3.5). This may be rationalised by the 
differences in polarity between the tertiary amino and the hydroxy and carboxy ω head 
groups, which governs the overall hydrophilicity and thus the concentration at which 
spontaneous self-assembly occurs. Moreover, although the CMC values of the amino 
bolaforms occupy a relatively narrow range, there is some minor variation between the 
values, depending on the head group pairing. Accordingly, categorisation of the amino 
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bolaforms into subsets based on the α or ω head group composition provides insight as to 
the relationship between head group structure and CMC. Firstly, the TM amino bolaforms 
(Table 3.6, Entries 1-3) possessed greater CMC values on average than those of the TE and 
Pyr derivatives (Entries 4-9). This is consistent with the TM head group being the most 
hydrophilic of the three, resulting in increased monomer solubility and thus aggregation at 
higher concentrations. Interestingly, this grouping is also observed for the corresponding 
conventional (Table 3.4) and hydroxy bolaform surfactants (Table 3.5, Entries 6, 9 and 10), 
which suggests that the quaternary ammonium bromide structure is a key determinant of 
the CMC for both classes of monomer. Additionally, the composition of the tertiary amino 
head group also appears to influence the CMC value. Specifically, the dimethylamino 
monomers (Table 3.6, Entries 1, 4, and 7) produced marginally greater CMC values than the 
corresponding N-morpholino monomers (Entries 2, 4, and 8), with the N-piperidino 
bolaforms (Entries 3, 6, and 9) possessing the lowest values. This was somewhat surprising, 
as the oxygen atom of the morpholino moiety was predicted to greatly increase the 
solubility of the corresponding surfactants, leading to the highest CMC values. However, the 
results suggest that the increased polarity of the oxygen may be offset by the methylene 
units of the morpholino ring, thereby reducing its influence over monomer solubility and the 
CMC value. The low CMC values of the piperidino monomers were also consistent with the 
previous reasoning, where the non-polar methylene units of this moiety promote self-




In summary, two surfactant specific properties of the amino bolaform surfactants 1a-c, 2a-c, 
and 3a-c were assessed and compared to those of related conventional and bolaform 
surfactant analogues. All of the amino bolaform derivatives were readily soluble in water at 
reduced temperature over an indefinite timeframe, indicative of TK values near the freezing 
point of the solvent. This suggests that the solubilities of the amino bolaforms are generally 
more comparable to those of conventional and symmetrical bolaform quaternary 
ammonium bromide surfactants (Table 3.1, Entries 2, 6, and 10), rather than those of 
analogous oxygen containing bolaforms, which typically possess elevated TK values (Table 
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3.2). This is attributed to the relative strengths of the electrostatic interactions present 
between head groups in the crystalline state, where those associated with the ω nitrogen of 
the amino bolaforms are thought to be significantly weaker than those provided by the ω 
oxygen of the hydroxy and carboxy bolaform derivatives. The low TK values also outline the 
potential of the amino bolaforms in the context of their intended use as templates for the 
synthesis of super-microporous materials, where the aggregation tendencies of the 
compounds can be harnessed both at ambient and elevated temperatures.  
Additionally, the CMC values of the amino bolaform surfactants (Table 3.6) were typically 
lower than those of related symmetric and asymmetric bolaforms (Table 3.5), but marginally 
greater than those of conventional quaternary ammonium bromide monomers (Table 3.4). 
This was attributed to the lower polarity of the amino bolaform monomers, and in particular 
the ω nitrogen, relative to the more polar ω oxygen and quaternary nitrogen atoms of the 
structurally related monomers. The influence of the head group structure on the CMC was 
also noted, where different combinations of α and ω head groups resulted in minor 
differences in CMC (Table 3.6). Some of these trends mirrored those observed for 
conventional quaternary ammonium surfactants (Table 3.4). Moreover, although the CMC 
values of the amino bolaforms were not as low as those of the corresponding conventional 
surfactants, the improvement in these values over their hydroxy and carboxy counterparts, 
in combination with their remarkable solubility, may prove beneficial in the context of their 
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Chapter 4: Sizing of Amino Bolaform 
Aggregates 
 
After interrogation of their surfactant properties, evaluation of the aggregate dimensions of 
the amino bolaform surfactants 1a-c, 2a-c, and 3a-c was undertaken. This was of particular 
interest in the context of their intended application, due to the strong correlation between 
the size of the structure directing agent (SDA) assemblies and the pore properties of the 
resulting nanoporous material. Evaluation of the aggregate sizes would also enable the 
selection of the most suitable candidates for preliminary attempts towards the synthesis of 
the desired super-microporous materials. Synthetic efforts towards these materials are 
presented in Chapter 6 of this thesis. 
 
4.1 Aggregation Number (N) 
 
The aggregation number (N) indicates the average number of surfactant monomers per 
micellar aggregate.1 The value of N thus provides a convenient estimation of the aggregate 
dimensions relative to other surfactants, due to the implicit correlation between the 
number of molecules comprising a discrete supramolecular assembly and its dimensions. 
This can be rationalised in the case of a model spherical micelle; as the number of 
monomers is increased, the dimensions of both the interfacial hydrophilic phase and the 
lipophilic core must increase in order to accommodate additional monomers within the 
assembly. This results in an increase in the radius, and hence volume of the micellar 
aggregate. Similarly to other surfactant properties, N is governed by the structure of the 
surfactant, but also the aqueous environment in which it is assessed, and may be altered by 
varying the temperature, concentration, or salinity of the solution.2 In the context of this 
work, the N values of the amino bolaforms were to be determined and compared to those 
of related conventional and oxygen containing bolaform surfactants.  
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In the case of conventional surfactants, the chemical composition of the monomer is a key 
determinant of N. However, the influence of structure on the value of N is less evident than 
in the case of the TK and CMC values (Chapter 3). This is outlined when the N values for 
some conventional surfactant analogues of the amino bolaforms are compared (Table 3.1), 
where the ability of the monomers to pack in close proximity appears to governs the value 
of N. Curiously, there is a significant difference in the value of N for the two TM monomers 
of different tail lengths (Entries 1 and 2), whereas no such difference exists for the related 
TE and Pyr surfactants (Entries 3-6). This may be rationalised by the smaller size of the TM 
head group relative to the other two variants, which enables the former to pack in closer 
proximity at the micelle exterior. Thus, as the number of methylene units in the tail is 
increased, and the hydrophobic core increases in volume, more head groups can be 
incorporated at the micelle surface such that each aggregate contains more monomers. In 
contrast, the larger TE and Pyr head groups are thought to prevent the incorporation of 
additional monomers in this manner, resulting in no discernible difference in the value of N, 
even with the significant difference in the number of methylene units. In addition, there is a 
notable difference between the N values of the TE and Pyr examples (Entries 3-6), which 
likely originates from the additional electrostatic interactions between the π electrons of the 
Pyr moiety and the α quaternary nitrogen atoms of neighbouring monomers at the micelle 
surface. In combination with the planar nature of the ring, this may enable the Pyr head 
groups to pack in closer proximity than their TE counterparts, resulting in more monomers 
being incorporated in the aggregates of the former.  
Table 4.1: N values of some conventional quaternary ammonium bromide surfactants.3 
Entry Surfactant N 
1 TMC12 53-65 
2 TMC16 88-104 
3 TEC12 44 
4 TEC16 43 
5 PyrC12 86 
6 PyrC16 95 
 
Despite the relationship between the chemical composition of the monomer and the value 
of N illustrated above, it is of note that N is merely an approximation, rather than a direct 
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measurement of the micelle dimensions. Thus, comparison of the N values of monomers 
with minimal structural variation may thus not yield practical information regarding the 
physical dimensions of the micellar aggregates. However, the comparison of values between 
surfactants which are more structurally divergent may prove more useful. 
It has been previously reported that micellar aggregates of bolaform surfactants are 
significantly smaller than those of analogous conventional surfactants, which implies that 
the N values of the former are also lower.4 This may be rationalised via comparison of the 
representative cross sections of spherical micelles of both classes of surfactant (Figure 4.1).5 
For a conventional surfactant micelle (Figure 4.1a), the largest possible diameter of the 
aggregate must be ≤ twice the length (X) of the extended hydrocarbon chain. However, in 
the case of the bolaform micelle (Figure 4.1b), the position of both polar domains (red and 
blue) at the micelle surface results in the largest possible diameter being ≤ the length of the 
extended bolaform monomer (i.e. X/2). In other words, the low N values of bolaform 
surfactants originate from a reduction of the volume ratio of the non-polar domain relative 
to the polar exterior. 
a) b)
 
Figure 4.1: Representative cross sections of a) a conventional surfactant micelle and b) a 
bolaform surfactant micelle.5 
This phenomenon can be observed when the N values of the conventional (Table 4.1) and 
bolaform (Table 4.2) analogues of the amino bolaforms in this work are compared, with the 
bolaforms possessing far lower N values than their conventional counterparts irrespective of 
head group composition. This is consistent with the alignment of both head groups of the 
former on the exterior of the micelle, and thus a significant reduction in the micelle 
dimensions. In addition, there is less variation between the N values of the bolaforms (Table 
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4.2) in comparison to their conventional equivalents (Table 4.1). This is likely a consequence 
of the diminished influence of the head group structure on the monomer packing, due to 
the greatly reduced number of individual monomers, and thus head groups, comprising the 
aggregates. Accordingly, the results presented demonstrate the utility of N as an indicator of 
relative micelle size in the context of this work, in the absence of direct measurement of the 
aggregates. 
Table 4.2: N values of some hydroxy and carboxy bolaform surfactants.3 
Entry Surfactant N 
1 TMC12OH 5 ± 1 
2 TMC16OH 5 ± 2 
3 TEC12OH 7 ± 1 
4 TEC16OH 11 ± 2 
5 PyrC16OH 9 ± 2 
6 TMC15COOH 6 ± 4 
 
4.1.1 Aggregation Numbers of Amino Bolaform Surfactants 
 
The aggregation number of a surfactant may be determined via a number of techniques, 
including isothermal titration calorimetry, conductivity, fluorescence quenching, and 1H-
NMR spectroscopy.6-9 Literature regarding the first three examples primarily concerns the 
assessment of conventional surfactant systems,10-12 whereas 1H-NMR spectroscopy has been 
successfully utilised to estimate the N values of the related hydroxy bolaforms.5 The latter 
was thus deemed appropriate for the surfactants in this work, with the primary benefit 
being that the N values could be determined using previously gathered 1H-NMR data used in 
the estimation of the CMCs of the amino bolaforms in (Chapter 3, Section 3.2). In order to 
achieve this, the closed association model was used again with the following assumptions: 
 The concentration of surfactant monomers is constant above the CMC 
 These monomers are in equilibrium with one dominant micelle size. 
such that the equilibrium of monomers and micelles in solution may be represented by 




𝑁𝐴 ⇋ 𝐴                   (5) 
𝐾 =  
[ ]
[ ]
               (6) 
 
Where A is the monomer, AN a micellar aggregate and K the equilibrium constant. If the 
value of δmon in (Equation 2) (Chapter 3, Section 3.2.1) is set as 0, then (Equation 2) simplifies 
to Equation 7: 
 
     𝛿 = 𝛿              (7) 
 
This enables the monomer and micelle concentrations to be represented in terms of CT and 
chemical shift (Equations 8 and 9): 
 
          [𝐴] = 𝐶              (8) 
         𝑁[𝐴 ] = 𝐶               (9) 
 
Which enables calculation of N from Equation 10: 
 
ln(𝐶 𝛿 ) = 𝑁ln[𝐶 (𝛿 − 𝛿 )] + ln𝑁 + (1 − 𝑁)ln𝛿 + ln𝐾   (10) 
 
In a practical sense, N is equal to the gradient of the linear regression of a plot of 
𝑙𝑛(C . 𝛿 ) vs. 𝑙𝑛[(𝛿 − 𝛿 )]. An example plot of this type is displayed in Figure 4.2b, 
which was obtained via mathematical manipulation of select data points from the 
associated CMC plot (Figure 4.2a). The details of this data transformation are available in 





Figure 4.2: Plot of a) δobs vs 1/CT for α CH2 protons (Pyr-CH2-) of 3b (PyrC16Morph) used in CMC 
determination, and b) plot of ln(CT.δobs) vs. ln[CT(δmic-δobs)] for α CH2 protons of 3b used in 




The N values of the amino bolaforms determined via the 1H-NMR method are presented in 
Table 4.3, along with the associated errors. All values have been rounded to the nearest 
integer in order to logically represent the number of discrete monomers per micellar 
aggregate. 
Table 4.3: N values for amino bolaforms in this work, determined via 1H-NMR spectroscopy. 
Entry Surfactant Number N 
1 TMC16NMe2 1a 5 ± 1 
2 TMC16N-Morph 1b 10 ± 1 
3 TMC16N-Pip 1c 10 ± 3 
4 TEC16NMe2 2a 8 ± 4 
5 TEC16N-Morph 2b 10 ± 2 
6 TEC16N-Pip 2c 12 ± 3 
7 PyrC16NMe2 3a 10 ± 1 
8 PyrC16N-Morph 3b 9 ± 1 
9 PyrC16N-Pip 3c 7 ± 2 
 
All of the amino bolaforms in this work (Table 4.3) were found to possess far lower N values 
than those of the related conventional surfactants (Table 4.1), with the values also 
comparable to those of the related hydroxy and carboxy bolaforms (Table 4.2). Minor 
variation between the N values was also noted, which was also observed in the case of the 
hydroxy and carboxy bolaforms. Despite this, the overall similarity of the values suggests 
that micelles with very small dimensions are formed, regardless of the nature of the head 
group combination. 
Given the results of the aggregation number study, it was of interest to determine the size 
of the amino bolaform micelles via other techniques, in order to better understand the 
relationship between head group structure and the micelle dimensions. For conventional 
surfactants, aggregate size may be probed via a range of techniques; however, it was 
predicted that some of these may not be appropriate for the surfactants in this work. With 





4.2 Diffusion Studies 
 
Diffusion ordered spectroscopy (DOSY) is a well-established NMR technique which enables 
the spectroscopic identification of discrete species in a mixed solute system through 
measurement of their diffusion coefficients (D).13 Briefly, the sample is subjected to pulsed 
field gradients and the spin echo spectra recorded; the data is subsequently transformed 
into a set of D values, which are plotted against the 1H-NMR spectrum of the mixture. It is 
this output, termed a DOSY plot, which enables the assignment of the various proton 
environments to the observed D values, and thus identification of the species present. 
In relation to this work, DOSY may be used to identify aggregation phenomena in surfactant 
solutions. However, unlike the well-defined D values of discrete molecular species, the 
values of surfactant monomers and the associated micelles are inherently linked, due to the 
dynamic equilibrium present between the two at concentrations above the CMC. The 
diffusion of the components of a surfactant system may be expressed in terms of a two-site 
exchange model (Equation 11). First proposed by Lindman and co-workers,14 this model 
defines the experimentally observed D value as the weighted average of contributions from 
both the individual monomer and micellar aggregate states: 
 
𝐷 = . 𝐷 + 1 − . 𝐷          (11) 
 
where Dmut is the mutual diffusion coefficient (i.e. the observed value at the specified 
concentration), CT is the surfactant concentration, Dmic is the micelle diffusion coefficient, 
and Dmon the monomer diffusion coefficient. In a practical sense, Equation 11 enables the 
calculation of both Dmic and Dmon from a series of Dmut values obtained at different surfactant 
concentrations. The model may also be used to rationalise the trends observed when the 
Dmut values are plotted against concentration. A typical plot of this type is presented in 
Figure 4.3, where D values of the conventional cationic surfactant 1-dodecylpyridinium 





Figure 4.3: Plot of diffusion coefficient (D) against concentration for the conventional cationic 
surfactant 1-dodecylpyridinium bromide (PyrC12).15 
The plot in Figure 4.3 contains two distinct regions, with the initial linear region 
representative of concentrations below the CMC of the surfactant. As micellar aggregates 
are not formed at these concentrations, the Dmic term in Equation 11 is effectively zero, such 
that Dmut is equal to Dmon. However, as the CMC is surpassed and spontaneous self-assembly 
occurs, the contribution of the Dmic term increases, which results in a decrease in Dmut. 
Moreover, if the concentration is increased further, the contribution of the Dmic term 
towards Dmut gradually outweighs that of the Dmon term, due to fewer numbers of individual 
solubilised monomers relative to micellar aggregates. This manifests as a non-linear 
decrease in Dmut in the second region of the plot, trending towards a minimum Dmut value at 
higher concentrations, where Dmut approximates the value of Dmic. In the context of this 
work, it was predicted that the measurement of Dmut of the amino bolaform surfactants over 
a set concentration range would enable calculation of Dmic via Equation 11, with further 
mathematical manipulation of this value enabling the estimation of the dimensions of 
micellar aggregates. This process is discussed in Section 4.2.2. 
Experimentally, amino bolaform 1c (TMC16N-Pip) was used as the trial surfactant for 
preliminary DOSY studies. 1H-NMR samples were prepared similarly to those used in other 
NMR studies, where a stock solution of the surfactant was diluted to the required 
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concentrations. Dmut values were obtained from the combined proton signal associated with 
the C3-C14 methylene proton environments of 1c, due to the high intensity of the signal and 
low error of the associated D values. The Dmut values acquired in this manner are displayed 
in Table 4.4, along with the Dmic values for each sample, calculated using Equation 11. Due to 
the preliminary nature of the study, a small number of concentrations were selected for the 
DOSY experiment. Firstly, the sample of concentration 1.3 mM (Table 4.4, Entry 1) was 
representative of a concentration below the CMC of 1c (1.8 ± 0.2 mM), where no 
contribution from Dmic towards Dmut should be observed. The value of Dmut at this 
concentration was subsequently used as Dmon in Equation 11 to calculate Dmic at 
concentrations above the CMC. The higher concentration samples (Entries 2-5) were 
selected to approximate concentrations of surfactant 2, 5, 10, and 20 times greater than the 
CMC respectively. 
Table 4.4: Dmut and Dmic values for amino bolaform 1c (TMC16N-Pip) at specified concentrations. 
Entry CT (mM) Dmut (10-10 m2 s-1) Dmic (10-10 m2 s-1) 
1 1.3 3.69 - 
2 3.4 3.03 2.29 
3 10 1.98 1.60 
4 20 1.73 1.54 
5 40 1.36 1.25 
 
Similarly to conventional surfactants,16-17 a decrease in the value of Dmut was observed as the 
concentration of 1c was increased (Table 4.4, Entries 2-5), which was indicative of micelle 
formation. However, the Dmic values calculated via Equation 11 also appeared to decrease, 
where a significant difference between the values of the 3.4 mM and 40 mM samples 
(Entries 2 and 5) was noted. This inconsistency may be the result of the low number of 
monomers per micelle of 1c (Table 4.3, Entry 3), which may act to artificially inflate the 
effective concentration of solvated monomers in the system due to rapid exchange with 
micelle aggregates. In addition, this phenomenon may be exacerbated at concentrations 
nearer to the CMC. Despite this, the Dmic values at concentrations far exceeding the CMC 
(Entries 3-5) were more comparable, indicating that these values may be more 
representative of the true Dmic value of bolaform 1c. Due to the limited success of this 
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preliminary DOSY study, subsequent experiments were undertaken to verify both the initial 
DOSY methodology and the calculated Dmic values. 
 
4.2.1 Molecular Tracer Study 
 
As well as proposing the widely used two-site exchange model, Lindman and co-workers also 
describe the use of a molecular tracer technique in their diffusion studies of conventional 
surfactant systems,14 where a small lipophilic species is introduced to the system in order to 
estimate Dmic. If the surfactant concentration is greater than the CMC, only two possible 
locations for a non-polar tracer molecule are available: either as a discrete layer separate 
from the aqueous medium, or solubilised within the lipophilic domains of micellar 
aggregates. In the case of the former, proton signals corresponding to the tracer species are 
not visible in the 1H-NMR spectrum, and no signal is present in the DOSY plot. However, in 
the case of the latter, a D value associated with the proton environment(s) of the tracer 
species is observed. In this scenario, the diffusion of the micelle solubilised tracer species is 
limited by the maximum rate of diffusion of the micellar aggregates, such that the D value 
associated with the tracer is representative of Dmic. With regards to this work, it was 
predicted that the use of a tracer would enable Dmic to be determined more accurately than 
in the preliminary DOSY experiment. Although some solubilisation studies have been 
previously performed within our group, it was noted that the reduced volume of bolaform 
surfactant micelle cores may  hinder solubilisation of the tracer species, potentially limiting 
the suitability of this technique for surfactants of this type.3 
For the purposes of this work, the labile organic compound tetramethylsilane (TMS) was 
selected as the tracer species. This compound has been previously utilised in tracer studies 
regarding conventional surfactant micelles, due to its immiscibility with aqueous media, and 
also due to its singular proton environment which does not overlap with those typical of 
surfactant monomers.14, 16, 18 Despite its use in other studies, detailed procedures outlining 
the use of TMS as a tracer could not be sourced, which prompted the development of a 
standard procedure. Initially, a 1:1 molar ratio of TMS to the micelles of 1c was desired, as 
this was predicted to be sufficient for accurate data collection. However, this was deemed 
impractical due to the extremely small volume required (< 1 µL), which was compounded by 
the volatility of the neat liquid (b.p. = 27.0 °C).19 Alternatively, a large excess of TMS (15 µL) 
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was added to each sample, as any tracer not solubilised in micelle cores was predicted to be 
immiscible with the aqueous environment, and thus not have any influence on the diffusion 
of the micelles. The DOSY plots of samples at the specified concentrations were then 
collected in an identical manner to the initial DOSY study. The values of Dmut, Dmic, and the 
TMS diffusion coefficient DTMS obtained from the DOSY spectra are presented in Table 4.5. 
Table 4.5: Dmut, Dmic, and DTMS values for bolaform 1c (TMC16N-Pip) at specified concentrations. 
Entry CT (mM) Dmut (10-10 m2 s-1) Dmic (10-10 m2 s-1) DTMS (10-10 m2 s-1) 
1 1.3 3.69 - - 
2 3.4 3.05 2.33 8.28 
3 10 1.74 1.31 4.31 
4 20 1.88 1.70 4.13 
5 40 1.21 1.09 2.03 
 
Upon analysis of the molecular tracer samples, it was evident that DTMS was not 
representative of the diffusion of the amino bolaform micelles (Table 4.5, Entries 2-5), with 
the DTMS values initially appearing erroneous. However, similar values were observed upon 
repeat of the experiment. This extreme difference between the DTMS and Dmic values may be 
rationalised by the predicted small micelles of bolaform 1c. As noted by Davey, if micellar 
aggregates composed of very few monomers are dominant in the solution, the resulting 
lipophilic core may not be sufficient in volume to enable full solubilisation of the tracer, 
which in this case may lead to the TMS molecules being more labile in solution than 
expected.3 Interestingly, similar phenomena have been reported by Perez and co-workers, 
where unusually high DTMS values were observed when the diffusion of arginine-derived 
gemini surfactants was interrogated (Figure 4.4).18 The authors proposed that the 
inconsistent DTMS values were due to the movement of excess TMS molecules to the air-
water interface in the absence of micelle solubilisation sites, resulting in some unhindered 
diffusion of TMS molecules in the aqueous phase. Additionally, the authors were able to 
determine the value for DTMS in D2O in the absence of surfactant (30 x 10-10 m2 s-1), which is 
consistent with the presence of at least some tracer molecules in the medium. Accordingly, 
it is theorised that multiple equilibrium processes may contribute towards the unexpected 
DTMS values in this study, namely the rapid exchange of TMS molecules between micellar 
aggregates and the immiscible bulk phase, or between individual micelles in solution. In 
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both of these scenarios, the diffusion of the tracer molecules would not be limited by the 
diffusion of the micelles alone, thereby significantly increasing the observed DTMS values. 
 
 
Figure 4.4: Plot of Dmut (▪)and DTMS (◦) vs concentration for the arginine-derived gemini surfactant 
C9(LA)2.18 
In an effort to increase the accuracy of the molecular tracer method, minimisation of the 
contribution of excess TMS towards the observed DTMS values was desired. This was 
attempted via taking advantage of the volatility of TMS, where the as-prepared samples 
were heated at 28 °C over an extended period while open to the atmosphere. This venting 
period was predicted to significantly reduce the amount of excess tracer in the system via 
evaporation, thus affording greater consistency between the Dmic and DTMS values. After this 
venting period, DOSY spectra were collected as per the original procedure. The DTMS values 





Table 4.6: Dmic and DTMS values of vented samples of 1c and DTMS values from initial tracer study 
at specified concentrations. 
Entry CT (mM) Dmic (10-10 m2 s-1) DTMS (vented) (10-10 m2 s-1) DTMS (10-10 m2 s-1) 
1 3.4 2.33 - 8.28 
2 10 1.31 4.95 4.31 
3 20 1.70 1.64 4.13 
4 40 1.09 1.65 2.03 
 
Interestingly, neither a D value nor the proton signal characteristic of TMS was observed in 
the DOSY plot of the 3.4 mM sample of 1c after the venting period (Table 4.6, Entry 1), 
which suggested that insufficient TMS molecules were present for diffusion to be detected. 
This was likely due to the low number of micelle solubilisation sites available at this 
concentration, resulting in the TMS molecules partitioning as a separate phase for 
subsequent volatilisation. Although a small difference between the initial and vented DTMS 
values was observed in the case of the 10 mM sample (Entry 2), the DTMS values at higher 
concentrations were significantly reduced for the vented samples (Entries 3 and 4). 
Interestingly, these values were more comparable to the Dmic values obtained in the initial 
diffusion study (Table 4.4, Entries 3-5), suggesting that the DTMS values of the vented 
samples were more representative of the true rate of diffusion of the micellar aggregates. 
Moreover, each vented sample was heated at 35 oC for one additional hour after the initial 
analysis, and their DOSY spectra recorded. This resulted in the complete absence of the TMS 
proton signal and the associated diffusion signal in the DOSY plots, irrespective of the 
surfactant concentration. This highlighted the volatility of the TMS tracer compound, while 
this outcome was also consistent with accelerated volatilisation of TMS due to rapid transfer 
of the tracer from the solution to the air-water interface. 
 
4.2.2 Estimation of Micelle Dimensions 
 
Despite the limited success of the diffusion studies, it was of interest to correlate the 
obtained D values to the physical dimensions of the micellar aggregates of 1c. In the case of 
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a model spherical particle diffusing through a liquid phase, the diffusion can be related to 
the particle size via the Stokes-Einstein equation (Equation 12):20  
 
          𝐷 =              (12) 
 
Where D is the diffusion coefficient, kB is the Boltzmann constant, T is the temperature, η is 
the dynamic viscosity of the medium, and r is the particle radius. In relation to this work, the 
Stokes-Einstein equation would provide an estimate of the amino bolaform micelle radius 
upon input of the Dmic or DTMS values; however, the dynamic viscosity of the medium was 
also required. This prompted the measurement of the viscosities of the NMR samples of 
bolaform 1c in D2O, in order to determine if this parameter was influenced by the surfactant 
concentration. Briefly, the dynamic viscosities of the NMR samples were recorded using a 
Zeitfuchs® cross-arm viscometer at 25 °C, with the accuracy of the viscometer initially 
verified via the measurement of the viscosities of pure H2O and D2O solutions. The dynamic 
viscosities for each sample were then measured at the required concentrations. Although 
there was no observable difference between the viscosities of lower concentration samples 
of 1c and that of pure D2O (1.096 mPa s),21 the 40 mM sample produced a significantly 
higher value of 1.250 mPa s. The appropriate η values were subsequently used in the 
calculation of the micelle radii of 1c via Equation 12, utilising the Dmic and DTMS values 
obtained in the various diffusion studies (Tables 4.4, 4.5, and 4.6). The results are displayed 
in Table 4.7, alongside the average radius and combined average radius obtained from each 









Table 4.7: Estimated radii of micellar aggregates of amino bolaform 1c, calculated using Equation 
12 with Dmic and DTMS values obtained in diffusion studies. 
Entry Study CT (mM) Dmic/DTMS (10-10 m2 s-1) η (mPa s) r (nm) 
1 
DOSY 
10 1.60 1.09 1.25 
2 20 1.54 1.09 1.30 
3 40 1.25 1.25 1.40 
4 Average 1.32 ± 0.08 
5 
TMS Tracer 
10 1.31 1.09 1.53 
6 20 1.70 1.09 1.18 
7 40 1.09 1.25 1.60 




20 1.64 1.09 1.22 
10 40 1.65 1.25 1.06 
11 Average 1.14 ± 0.12 
12 Combined Average 1.32 ± 0.18 
 
Although the individual micellar radii calculated using Equation 12 were comparable (Table 
4.7, Entries 1-3, 5-7, and 9-10), significant variation between values obtained at different 
concentrations and via different diffusion experiments was noted. This was attributed to the 
high dependence of each radius on the absolute value of D, which itself may not accurately 
represent the diffusion of the aggregates of 1c due to reasons previously outlined. However, 
when the radii of each study are averaged (Entries 4, 8, and 11), the values agree within the 
associated error bounds, while the error range associated with the combined average across 
all studies (Entry 12) was narrower than expected. Therefore, although the results of the 
diffusion studies suggest that the aggregates of 1c are of comparable dimensions to certain 
asymmetric carboxy bolaform surfactants,5 the absolute values cannot be interpreted as 
accurate.  
In addition, Holder and co-workers utilised the micellar radius in the estimation of the N 
values for their bolaform surfactants using Equation 13: 
 
           N =              (13) 
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where r is the micelle radius and Vcalc is the molecular volume of the surfactant monomer.5 
In the context of this work, Equation 13 was utilised as an alternative means for the 
estimation of the N value of bolaform 1c. Specifically, the combined average micellar radius 
(Table 4.7, Entry 12) was taken as the value of r, while Vcalc for 1c was calculated as 8.06 x 10-
28 m3 from the partial molar volumes of a literature source cited by Holder and co-workers.22 
When these values are used in Equation 13, an N value of 13 ± 5 is produced, which despite 
the substantial associated error is comparable to the value of 10 ± 3 obtained in the 
previous 1H-NMR spectroscopic study (Table 4.3, Entry 3). The agreement of these values is 
consistent with the previous verdict regarding the tendency of 1c to form relatively smaller 
micellar aggregates. 
In summary, the results of the diffusion studies indicated that the micellar aggregates of 
amino bolaform 1c were comprised of very few monomers per micelle, such that the micelle 
dimensions are predicted to be much smaller than those of analogous conventional 
surfactants. Despite this, it was also noted that neither DOSY experiments nor the two-site 
exchange model may be entirely suitable for the interrogation of bolaform surfactant 
systems, as indicated by the unexpected diffusion phenomena associated with the TMS 
tracer species. 
 
4.3 Dynamic Light Scattering (DLS) Studies 
 
Dynamic light scattering (DLS) is a well-known spectroscopic technique which enables the 
estimation of the dimensions of chemical species in solution.23-24 Similarly to diffusion based 
NMR techniques, DLS takes advantage of the correlation between the rate of diffusion and 
the size of a molecule or molecular assembly. However, the interaction of the species with 
radiation is quantified, rather than the assignment of D values to certain 1H-NMR proton 
environments. Briefly, a polarised radiation source is directed at the sample, which interacts 
with and is scattered by the dissolved components. The intensity of the scattered radiation 
is recorded over a set time frame, where fluctuations are observed due to Brownian motion 
of the various species.25 Larger species diffuse at a lower rate than smaller species, and thus 
result in fluctuations of increased magnitude. The scattering data is then manipulated to 
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generate an autocorrelation function, which enables the dimensions of the species to be 
estimated through mathematical modelling. 
DLS is an invaluable tool in the investigation of surfactant systems,26-28 as the time-averaged 
nature of the technique is highly suitable for probing the dynamic equilibrium present 
between monomers and micellar aggregates. Specifically, the primary output of a DLS 
experiment, the size distribution histogram, provides information regarding both the size 
and homogeneity of the micellar aggregates present in the sample, while other physico-
chemical properties of the system may also be inferred. The technique also enables the 
response of the aggregates towards changes in concentration, temperature, pH, or salinity 
to be monitored, which is important in terms of system optimisation. Combined with its 
rapid, non-intrusive nature, and the requirement of small amounts of surfactant, the study 
of the amino bolaforms in this work via DLS was warranted. Specifically, the aggregate 
dimensions were to be compared to those obtained from previous 1H-NMR diffusion 
studies, in order to verify the formation of micelles with reduced dimensions. In addition, 
comparison of the results would enable the accuracy, and hence the suitability, of each 
technique to be assessed in the context of bolaform surfactant self-assembly. 
Holder and co-workers have previously utilised DLS experiments to estimate the aggregate 
sizes of some hydroxy and carboxy bolaform analogues of the amino bolaforms in this 
work.5 The sizes were reported in terms of the hydrodynamic diameter (DH), which is 
defined as the size of a hypothetical hard sphere that diffuses in the same manner as that of 
the particle being measured.23 The reported values are referred to as DH(V) values in this 
work, as the authors obtained the values from the volume distribution histograms of the 
samples. A selection of these values are displayed in Table 4.8, along with the associated 
errors. 
Table 4.8: DH(V) values for certain hydroxy and carboxy bolaform surfactants, obtained via DLS.5 
Entry Surfactant DH(V) (nm) 
1 TMC15COOH 2.33 ± 0.58 
2 PyrC15COOH 2.36 ± 0.03 
3 TMC16OH 1.12 ± 0.36 
4 TEC16OH 1.44 ± 0.36 




The data indicates that the micelles of all of the oxygen containing bolaforms are of 
comparable dimensions (Table 4.8), although there is a noticeable grouping of monomers 
containing either carboxyl (Entries 1 and 2) or hydroxyl (Entries 3-5) ω head groups. The 
authors suggested this was a consequence of expansion or reduction of the interfacial 
surface area, determined by the relative degree of water molecule association.5 In other 
words, the electrostatic interactions between neighbouring head groups and solvating water 
molecules may have significantly influenced the observed DH(V) values. These interactions 
are predicted to be stronger in the case of the more polar hydroxy bolaforms, which results 
in a more “tightly held” micelle exterior, and in turn reduced aggregate dimensions. The 
nature of the α head group also appeared to influence DH(V), albeit to a lesser extent than 
the ω head group. The key outcome of this study, however, was that the DH(V) values  were 
consistent with the N values obtained from 1H-NMR data,5 with both indicative of the 
formation of micellar aggregates of greatly reduced dimensions relative to those of 
corresponding conventional surfactants. Accordingly, it was predicted that the amino 
bolaform surfactants would produce similar DH(V) values when probed via DLS, due to the 
similarity of the N values determined in this study to those of their oxygen containing 
counterparts. 
 
4.3.1 Development and Verification of DLS Procedure  
 
Although Holder and co-workers reported the analysis of oxygen containing bolaform 
surfactants via DLS, the experimental procedures described are brief.5 Moreover, no other 
literature examples regarding the use of DLS in the study of asymmetric bolaform 
surfactants were available at the time of writing, which prompted the development of a 
standard experimental procedure for this work. The instrument utilised in this study was the 
Malvern Instruments® Zetasizer Nano ZS, with the manufacturer claiming that the 
instrument is capable of measuring particles between 0.3 nm and 10 µm in size.29 It was 
therefore predicted that the amino bolaform micelles could be detected without 
modification of the default operating parameters. This was initially investigated with 
bolaform 1c (TMC16N-Pip), in order for the DLS results to be comparable to those of the 1H-
NMR diffusion studies. Experimentally, 1 mm and 10 mm samples of 1c, representative of 
concentrations above and below the CMC (1.8 ± 0.2 mM), were prepared in ultra-pure water 
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and transferred to disposable plastic cuvettes prior to analysis. The samples were analysed 
using a standard non-invasive back-scatter (NIBS) operating mode available through the 
Malvern Zetasizer software package. 
The results of the preliminary study with 1c indicated that additional sample preparation 
was required before analysis of the amino bolaforms was undertaken. Specifically, a number 
of broad peaks in the range of 100—1000 nm were observed in the intensity distributions of 
both samples, characteristic of the presence of large particulate matter. This was rectified 
via passing the as-prepared samples through a 0.22 µm cotton syringe filter prior to being 
transferred to the cuvettes, which eliminated these peaks from the intensity distributions 
altogether. However, this filtration procedure also introduced a new signal of unknown 
origin centred at approximately 50—100 nm. Interestingly, this new signal was also 
observed in blank samples of ultra-pure water which had been filtered in an identical 
manner to the surfactant solutions. This suggested that the peak originated from the filter 
itself, where loose cotton fibres of uniform size may have been transferred to the samples 
due to the flow of solution through the cartridge. Although unexpected, the unknown signal 
was completely absent in the number and volume distributions of the samples, which 
indicated that the number of these particles were insignificant in comparison to the number 
of micellar aggregates of 1c, such that their contribution could be effectively ignored. 
Accordingly, volume distribution plots were utilised in all subsequent DLS studies involving 
the amino bolaform surfactants, as this would enable direct comparison of the aggregate 
sizes to those reported by Holder and co-workers, which were also obtained from volume 
distributions.5 
Before probing the aggregates sizes of the amino bolaforms, it was of interest to ensure the 
quality of the data obtained was consistent across all samples. As per the standard operating 
program of the instrument, each sample was analysed a minimum of three times, while a 
number of key parameters were monitored during data collection. The first of these 
parameters was the mean count rate, which indicates the average intensity of photons 
collected per second.30 All of the samples in this study produced values ranging from 130—
450 kcps (kilo counts per second), which lie within the acceptable range of 100—500 kcps as 
recommended by Dr. Ulf Nobbmann, a light scattering specialist at Malvern Panalytical®.31 
Additionally, the correlation function for each sample was also monitored, as this parameter 
is indicative of the approximate size of the particles in solution.32 All of the samples 
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measured in this work produced smooth, single exponential decay functions with steep 
gradients, which are characteristic of the samples consisting of small particles of uniform 
size. 
After verifying the quality of the data acquisition, a preliminary study was undertaken to 
assess the effect of concentration on aggregate size. This study involved the analysis of 
samples of bolaform 1a (TMC16NMe2) at various concentrations above and below the CMC 
(4.7 ± 0.4 mM). The (DH(V)) values and the polydispersity index (PDI) for each sample are 
presented in Table 4.9. 
Table 4.9: DH(V) and PDI values for samples of amino bolaform 1a, obtained via DLS. 
Entry C (mM) DH(V) (nm) PDI 
1 - - 0.20 
2 2 - 0.53 
3 5 - 0.53 
4 10 2.43 ± 0.51 0.53 
5 20 1.20 ± 0.32 0.48 
6 40 1.25 ± 0.32 0.48 
 
As expected, no peak was observed for the 2 mM sample of 1a (Table 4.9, Entry 2); however, 
this was also the case for the 5 mM sample (Entry 3). This likely originated from the low 
numbers of micellar aggregates at this concentration rendering any scattering of incident 
radiation undetectable. In addition, although the samples of concentrations well above the 
CMC (Entries 4-6) produced DH(V) values within the expected size range, the value of the 10 
mM sample (Entry 4) was approximately double that of the higher concentration samples 
(Entries 5 and 6), which were almost identical. Interestingly, this inverse correlation 
between concentration and aggregate size is similar to that observed between 
concentration and the Dmic and DTMS values of bolaform 1c in the previous 1H-NMR diffusion 
studies (Section 4.2, Tables 4.4, 4.5, and 4.6). However, this behaviour also contradicts the 
documented aggregation tendencies of both conventional and gemini surfactants, where 
the growth of aggregates is observed as the monomer concentration is increased.33-35 
Despite this discrepancy, it is noteworthy that concentration induced micelle growth is 
typically observed over a much wider concentration range than that covered in this study, 
such that an increase in size of the micellar aggregates of 1c may yet be observed if this 
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range is significantly expanded. Preliminary studies regarding this phenomenon are 
presented in Chapter 6, Section 6.3. 
Although their origin is unknown, it is speculated that the inconsistencies in the DH(V) values 
of 1a (Table 4.9, Entries 3 and 4) at concentrations near the CMC may be due to the low N 
value of the surfactant (Table 4.3, Entry 1), combined with the low number of micellar 
aggregates. Specifically, both of these factors may work to exacerbate the conventional 
rapid exchange of monomers between the aqueous environment and the micellar 
aggregates, which in turn may lead to artificial inflation of the observed micelle dimensions. 
This theory is supported by the agreement of the DH(V) values of higher concentration 
samples (Table 4.9, Entries 5 and 6), where the greatly increased number of micelles may 
serve to mitigate this effect. Moreover, this hypothesis is also consistent with the 
anomalous behaviour of the Dmut value of 1c at concentrations near its CMC (Table 4.4, Entry 
2), where the value may also be artificially inflated due to similar factors. 
An alternative origin of the anomalous DH(V) values of bolaform 1a may be the filtration of 
the DLS samples prior to analysis. Here, the effective concentration of 1a may be lower than 
intended if only a fraction of the surfactant molecules successfully pass through the filter 
cartridge. This proposition is consistent with the absence of signals in the 5 mM sample 
(Table 4.9, Entry 3). Taking these factors into consideration, all subsequent DLS samples 
were prepared at a minimum concentration of approximately 5 times greater than the CMC 
of the surfactant unless otherwise stated, in order to minimise the effect of the predicted 
rapid exchange processes. This would also ensure that the DH(V) values were as 
representative of the true aggregate size as possible. In a practical sense, this was achieved 
via the preparation of all surfactant samples at 1% w/w, representing concentrations within 
the range of 20.3 mM (for bolaform 2b) to 24.5 mM (for bolaform 1a). 
In addition to the DH(V) values, the polydispersity index (PDI) was noted for each sample of 
1a in the preliminary concentration study (Table 4.9). The PDI is a dimensionless measure of 
the homogeneity of a particle dispersion, and ranges from 0 to 1, with lower values 
indicating the presence of highly disperse particles of uniform size.36 Interestingly, all 
samples of 1a produced similar PDI values, irrespective of concentration (Table 4.9, Entries 
2-6), which was indicative of a semi-monodisperse system. Although extremely low PDI 
values have been noted for solutions of discrete nanoparticles of comparable dimensions to 
the amino bolaform micelles in this work,37 it is believed that the comparison of permanent 
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nanoparticles to conditionally formed supramolecular assemblies is not entirely reasonable. 
Unfortunately, Holder and co-workers did not report the PDI values for the related hydroxy 
and carboxy bolaform surfactants, so a comparison cannot be made in this regard.5 
Accordingly, it is predicted that the PDI may not be the most appropriate measure of the 
homogeneity of amino bolaform micellar systems, and that the width of the signals in the 
size distribution histograms may be a more suitable parameter. 
The stability of the amino bolaform micelles was also assessed in a separate preliminary 
study, where a 1% w/w solution of 1a was analysed immediately after preparation and after 
a 24 hour period, with the sample not removed from the cuvette or agitated during this 
time. The results of this study are displayed in Table 4.10, with the lack of variation of the 
DH(V) values suggesting that the dimensions of the micellar aggregates did not change over 
this period. Moreover, although there was minor deviation between the DH(V) values 
obtained in this study and those obtained in the preliminary concentration study (Table 4.9, 
Entries 5 and 6), this is to be expected within the error bounds of the data. 
Table 4.10: DH(V) values for 1% w/w solution of amino bolaform 1a, obtained via DLS. 
Entry Time after preparation (h) DH(V) (nm) 
1 0 1.34 ± 0.30 
2 24 1.31 ± 0.24 
 
As a final verification of the DLS procedure, it was of interest to obtain the DH(V) value of a 
bolaform surfactant studied by Holder and co-workers using the procedure developed in this 
work. The hydroxy bolaform TEC16OH was selected for this purpose, as a sufficient amount 
was on hand at the time, but also due to its relatively low TK value relative to other oxygen 
containing bolaforms. The DH(V) values obtained from both studies are presented in Table 
4.11. 
Table 4.11: DH(V) values for 1% w/w solution of hydroxy bolaform TEC16OH, obtained via DLS.5 
Entry Source DH(V) (nm) 
1 Holder and co-workers 1.44 ± 0.36 




Although there is some variance between the DH(V) values, the associated errors are also 
significant, and thus the values are in agreement. Despite this, it was of also of interest to 
compare the volume distributions associated with each value, as this would provide a 
visualisation of the similarity of the two DH(V) values. Unfortunately, this data was not 
published by Holder and co-workers, so this comparison could not be made. 
 
4.3.2 DLS Studies of Amino Bolaforms 
 
After development of the DLS procedure, the estimation of the aggregate sizes of the amino 
bolaforms was undertaken, with particular interest placed on the effect of head group 
composition on the aggregate dimensions. Accordingly, the results in this section have been 
grouped into smaller subsets of monomers containing either identical α or ω head groups, in 
order for the effect of the opposite head group structure to be clearly observed. The DH(V) 
values for the first of these subsets comprising TM bolaforms 1a-c is displayed in Table 4.12. 
Table 4.12: DH(V) values of 1% w/w solutions of TM bolaforms 1a-c, obtained via DLS. 
Entry Surfactant Number DH(V) (nm) 
1 TMC16NMe2 1a 1.20 ± 0.32 
2 TMC16N-Morph 1b 0.96 ± 0.32 
3 TMC16N-Pip 1c 1.54 ± 0.49 
 
Within this subset, the structure of the tertiary amino head group appeared to have a minor 
effect on the micelle size. Of the three derivatives, 1b possessed the lowest DH(V) value 
(Table 4.12, Entry 2), closely followed by 1a and 1c (Entries 1 and 3). This was surprising, as 
1a was predicted to form the smallest aggregates, due to the dimethylamino moiety 
possessing the smallest molecular volume of the three ω head groups. This suggests that the 
presence of the oxygen atom in 1b is a key determinant of the micelle dimensions, likely due 
to strong electrostatic interactions with neighbouring head groups and solvating water 
molecules. This would enable the head groups of 1b to pack in closer proximity at the 
micelle surface, reducing the surface area, and in turn the observed DH(V) value. This 
proposal is consistent with the findings of Karukstis and co-workers, where electrostatic 
repulsions present at the micelle exterior of conventional quaternary ammonium surfactant 
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micelles were reduced upon the incorporation of aliphatic primary alcohols to the system.38 
In contrast, the molecular volume of the tertiary amino head group may have a greater 
influence over the micelle size in the absence of an oxygen heteroatom (Entries 1 and 3). 
Here, the added bulk of the piperidino moiety of 1c may prevent close packing of the head 
groups at the micelle surface via screening of the electrostatic interactions between the 
polar components, specifically the tertiary nitrogen of the ω head group and the quaternary 
nitrogen and bromide counterion of the α head group. 
In addition to the DH(V) values, comparison of the volume distributions of 1a-c was also 
undertaken (Figure 4.5). Despite the differences between the DH(V) values (Table 4.12), 
significant overlap of the distributions is observed. This implies that any differences in the 
aggregate sizes are not as pronounced as the DH(V) values suggest. Accordingly, the results 
highlight the advantages of multiple data visualisation methods, in order to obtain a 
comprehensive understanding of the nature of the aggregates. 
 




Similar correlations between ω head group structure and micelle size were observed for the 
other amino bolaforms in this work (Table 4.13). For the subset of bolaforms containing TE 
head groups, the lowest DH(V) value was produced by bolaform 2b (Entry 2), followed by 2a 
and 2c respectively (Entries 1 and 3). This trend is identical to that observed for the TM 
subset (Table 4.12). As the chemical structures of the TM and TE α head groups are similar, it 
is expected that both trends arise from the effect of the ω head group structure on the 
relative strength of electrostatic interactions at the micelle surface, as previously described. 
In contrast to the TM and TE amino bolaform subsets, there was considerable deviation 
from the previously observed trends within the subset of surfactants containing Pyr α head 
groups (Table 4.13, Entries 4-6). Although bolaform 3b produced the lowest DH(V) value 
(Entry 5), which was closely followed by that of 3a (Entry 4), bolaform 3c produced a 
drastically increased value, accompanied by a much broader error (Entry 6). Although 
structurally similar to 3b, it is apparent that the lack of the oxygen heteroatom in the ω head 
group of 3c severely reduces the strength of electrostatic interactions at the micelle surface, 
thereby resulting in a more “loosely held” exterior, and thus an inflated DH(V) value. 
Moreover, there is also a large difference between the DH(V) values of 3a and 3c, despite the 
absence of oxygen in both monomers. Although this may originate from the difference in 
molecular volume between the tertiary amino head groups, as is predicted in the case of the 
TM and TE subsets, the effect may be exacerbated by the presence of the sterically bulky Pyr 
α head group at the micelle surface, leading to the inflated DH(V) value. 
Table 4.13: DH(V) values for 1% w/w solutions of TE and Pyr amino bolaforms, obtained via DLS. 
Entry Surfactant Number DH(V) (nm) 
1 TEC16NMe2 2a 1.30 ± 0.29 
2 TEC16N-Morph 2b 1.00 ± 0.35 
3 TEC16 N-Pip 2c 1.55 ± 0.39 
4 PyrC16NMe2 3a 1.08 ± 0.29 
5 PyrC16 N-Morph 3b 0.97 ± 0.24 
6 PyrC16 N-Pip 3c 2.42 ± 0.89 
 
When the volume distributions for bolaforms 2a-c are overlaid (Figure 4.6), it is apparent 
that there is some deviation between the plots and the calculated DH(V) averages (Table 
4.13, Entries 1-3). Specifically, the distribution of 2b and those of 2a and 2c do not appear to 
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overlap to the same extent as those of bolaforms 1a-c (Figure 4.5), which suggests that the 
aggregates of 2b are more likely smaller on average than those of 2a and 2c. In contrast, the 
volume distributions for surfactants 3a-c (Figure 4.7) were largely consistent with the DH(V) 
values (Table 4.13, Entries 4-6), where 3a and 3b produced distributions with almost 
identical overlap, while the distribution of 3c did not overlap with the former. 
 
Figure 4.6: Overlaid volume distributions of bolaforms 2a-c, obtained via DLS. 
 
Figure 4.7: Overlaid volume distributions of bolaforms 3a-c, obtained via DLS. 
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After interrogating the effect of the tertiary amino ω head group structure on the micelle 
size, it was of interest to determine if the structure of the quaternary ammonium bromide α 
head group was similarly influential. This was achieved via re-organisation of the DLS results 
into subsets containing identical ω head groups (Table 4.14). When arranged in this manner, 
it is apparent that the DH(V) values of the amino bolaforms are also affected by the structure 
of the α head group. However, the extent of this effect also appears to be highly dependent 
on the structure of the ω head group in question. In isolation, this suggests that the 
chemical structure of the ω head group has a greater influence on the electrostatic 
interactions between head groups at the micelle surface, and thus the micelle size, than the 
α head group. However, a more comprehensive conclusion may be drawn via the 
comparison of the volume distributions of each subset. 
Table 4.14: DH(V) values for 1% w/w solutions of amino bolaforms in this work, obtained via DLS. 
Entry Surfactant Number DH(V) (nm) 
1 TMC16NMe2 1a 1.20 ± 0.32 
2 TEC16NMe2 2a 1.30 ± 0.29 
3 PyrC16NMe2 3a 1.08 ± 0.29 
4 TMC16 N-Morph 1b 0.96 ± 0.32 
5 TEC16 N-Morph 2b 1.00 ± 0.35 
6 PyrC16 N-Morph 3b 0.97 ± 0.24 
7 TMC16 N-Pip 1c 1.54 ± 0.49 
8 TEC16 N-Pip 2c 1.55 ± 0.39 
9 PyrC16 N-Pip 3c 2.42 ± 0.89 
 
For bolaforms containing a dimethylamino ω head group (Table 4.14, Entries 1-3), the Pyr 
derivative 3a produced the lowest DH(V) value, with the TM and TE derivatives 1a and 2a 
producing marginally higher values. Interestingly, this grouping mirrors that observed by 
Holder and co-workers for the related subset of hydroxy bolaform surfactants (Table 4.8, 
Entries 3-5),5 which suggests that the structure of the Pyr head group leads to the formation 
of smaller aggregates. Although the factors governing this observation have not been 
identified, it is speculated that either the steric profile of the Pyr head group, or additional 
electrostatic interaction of the π electrons with other components at the micelle surface, 
may be responsible. Despite this, significant overlap is observed when the volume 
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distributions of 1a, 2a, and 3a are overlaid (Figure 4.8), which indicate that the difference 
between the DH(V) values was not as pronounced as initially thought. 
  
Figure 4.8: Overlaid volume distributions of bolaforms 1a, 2a, and 3a, obtained via DLS. 
Surprisingly, the DH(V) values for the subset of surfactants containing a morpholino moiety 
were remarkably similar (Table 4.14, Entries 4-6). This is also reflected in the overlaid 
volume distributions, where there is almost complete overlap irrespective of the α head 
group structure (Figure 4.9). This suggests that the structure of the quaternary ammonium 
bromide α head group has little influence on aggregate size when a morpholino moiety is 
present, or in other words, that the effect of the morpholino oxygen on the electrostatic 
interactions at the micelle surface overrides the contribution of the α head group. This 
observation is also consistent with the morpholino bolaforms possessing the lowest overall 
DH(V) values (Table 4.14, Entries 4-6) of the bolaforms in this study and in the work of Holder 





Figure 4.9: Overlaid volume distributions of bolaforms 1b, 2b, and 3b, obtained via DLS. 
In contrast to the morpholino subset, the influence of the quaternary ammonium bromide 
head group structure on the observed DH(V) value is more pronounced for bolaforms 
containing a piperidino moiety (Table 4.14, Entries 7-9). Within this subset, the aggregate 
size appears to be correlated with the steric profile of the α head group, with the TM and TE 
bolaforms producing almost identical DH(V) values (Entries 7 and 8). Despite this, the DH(V) 
value of bolaform 3c appears inflated in the context of this subset (Entry 9), and was also in 
direct opposition to the proposed theory regarding the influence of the Pyr head group on 
the aggregate size. The overlaid volume distributions for this subset are also consistent with 
this outcome (Figure 4.10). Accordingly, it is speculated that the DH(V) value of 3c originates 
due to the specific head group combination and its effect on both the electrostatic 
interactions at the micelle surface, and the ability of neighbouring head groups to pack in 




Figure 4.10: Overlaid volume distributions of bolaforms 1c, 2c, and 3c, obtained via DLS. 
Overall, the grouping of the amino bolaforms and their DH(V) values into smaller subsets 
enabled the influence of structural features of both the α and ω head group on the 
aggregate size to be identified. Oxygen was determined to be a key contributor towards the 
DH(V) value, where its presence is thought to induce strong electrostatic interactions 
between the α and ω head groups and solvating water molecules at the micelle surface. This 
manifests as a reduction in the surface area, and hence dimensions of the micellar 
aggregates. Although the steric profile of both the α and ω head groups also appears to 
influence the aggregate size, the effect is diminished, if not completely superseded, when an 
oxygen heteroatom is present in the ω head group structure.  
With respect to the intended use of the amino bolaforms as SDAs, the results of the DLS 
experiments indicate that each of the 9 derivatives may afford pores with diameters within 
the desired range of 1.2 ꟷ 2.0 nm. However, the nature of each volume distribution also 
suggests that some derivatives, such as 1c and 2c, may be more suitable for this purpose, 






To summarise, the dimensions of the amino bolaform surfactant aggregates were assessed 
via a range of spectroscopic techniques. In the first instance, the N values of all of the 
monomers were estimated from 1H-NMR chemical shift data, and were found to be 
comparable to those of structurally related hydroxy and carboxy bolaform surfactants. This 
suggested the formation of micelle aggregates of similarly small dimensions, which was later 
supported by the results of 1H-NMR diffusion studies of bolaform 1c. The aggregates of the 
amino bolaforms were also analysed via DLS, where the estimated dimensions were 
consistent with the outcomes of the previous studies.  
In addition, the comparison of the aggregate sizes of 1c obtained via the 1H-NMR diffusion 
(Table 4.7, Entry 12, converted to diameter for comparative purposes) and DLS methods 
provides some insight as to the suitability of each technique in the investigation of amino 
bolaform systems (Table 4.15). Despite both techniques suggesting that the aggregates of 1c 
were of comparable dimensions to those of the related hydroxy and carboxy bolaforms 
(Table 4.8), the two values are not in agreement within their associated error bounds. 
Accordingly, although both 1H-NMR diffusion and DLS enable the measurement of micelle 
dimensions for conventional surfactants, one or both of these techniques may not be 
entirely suitable for amino bolaform surfactant systems. Despite these shortcomings, the 
DLS results also indicated that the amino bolaform derivatives in this work may be suitable 
for use as SDAs in the templating of super-microporous silicates, as their DH(V) values lie 
within the super-microporous range of approximately 1.2—2.0 nm.  
Table 4.15: Estimated diameters of micellar aggregates of bolaform 1c, determined using 1H-
NMR diffusion data and DLS measurements. 
Entry Method Diameter (nm) 
1  1H-NMR Diffusion 2.64 ± 0.36 
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Chapter 5: Effect of Ionisation State on 
Amino Bolaform Surfactant Properties 
 
Following the interrogation of the surfactant and aggregation properties of the amino 
bolaforms in this work, it was of interest to determine to what extent the protonation of the 
tertiary amino ω head groups influenced these properties. In the context of their intended 
application as SDAs, determination of these properties would enable selection of the most 
appropriate templating procedures to promote the formation of micellar aggregates capable 
of directing the formation of super-micropores. Moreover, although the relationship between 
ionisation state and the solution behaviour of conventional and some non-conventional 
monomers has been investigated,1-5 the results of this study would provide valuable insight 
with regards to this relationship in the context of bolaform type monomers, which has not yet 
been explored. For the purposes of this work, comparison of the free base and protonated 
forms of the amino bolaform surfactants was undertaken. This was deemed sufficient due to 
the preliminary nature of the study, and also the lack of studies involving similar compounds. 
A full investigation into the effect of pH on the solution behaviour of the amino bolaforms 
may be undertaken in the future. 
5.1 Methodology 
 
In the previously presented studies regarding their surfactant and aggregation properties 
(Chapters 3 and 4), solutions of the amino bolaforms were prepared in either D2O or ultra-
pure water, with auxiliary species only introduced in the molecular tracer study (Chapter 4, 
Section 4.2.1). This ensured that the values of these properties were not influenced by 
external factors, and originated solely from the surfactant monomers in their respective free 
base forms. Accordingly, it was decided that the simplest method to obtain the protonated 
amino bolaforms was via in situ generation during sample preparation, rather than isolation 
of the pure solids. This would avoid the need for additional experimental procedures to be 
developed, while also enabling the verification of the charge state via 1H-NMR spectroscopy. 
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Briefly, samples of the protonated amino bolaforms were produced via the addition of 2 molar 
equivalents of HBr during preparation of the stock solutions, with the acid introduced via pre-
diluted aquilots of 48% HBr solution. This ratio of acid was selected as it was predicted to 
afford complete conversion to the corresponding protonated bolaform species, while 
minimising the influence of excess HBr, and thus the salinity of the solution on the aggregation 
of the monomers. Total conversion of the bolaforms to their protonated equivalents was 
confirmed via 1H-NMR spectroscopy, where the signals associated with protons proximal to 
the nitrogen of the ω head group were replaced with those characteristic of protons proximal 
to a quaternary nitrogen, such as those observed in the 1H-NMR spectra of low concentration 
samples of hydroxy-amine precursor 6a (Chapter 2, Section 2.3). An example of these 
phenomena is displayed in Figure 5.1, where the characteristic downfield shift of proton 
signals proximal to the ω dimethylamino head group of bolaform 1a upon conversion to its 
acid conjugate (denoted 1a*) is observed. 
 




5.2 Effect of Ionisation State on Surfactant Properties 
 
Upon preparation of the acidified stock solutions, precipitation or crystallisation of the amino 
bolaforms was not observed. The solutions were also stable at reduced temperature over 
extended time periods, similarly to their non-acidified counterparts. This was expected, as the 
protonated monomers were predicted to be more soluble than their respective free base 
forms, due to the overall increase in polarity. Despite this, the influence of protonation on the 
TK value of each derivative could not be determined, due to the nature of the sample 
preparation. Specifically, as the TK value is representative of the equilibrium between the 
hydrated solid and solubilised monomer states, the protonated amino bolaforms would need 
to be isolated as solids and then re-dissolved in solution in order to assess the effect of 
protonation. Due to the already low TK values of the free base amino bolaforms, this was not 
pursued. However, it is expected that the TK values of the protonated amino bolaforms would 
be lower than those of the corresponding free base forms. 
As a consequence of the increased monomer solubility, it was also predicted that the CMC 
values of the protonated bolaforms would be greater than those of their respective free base 
forms. This was investigated via the determination of the CMC values of the acidified versions 
of 1a-c (denoted 1a*-c*) using the previously utilised 1H-NMR method. The values for 1a-c 
and 1a*-c* are displayed in Table 5.1, alongside those of structurally similar oxygen containing 
bolaforms. As predicted, an increase in CMC was observed upon protonation (Entries 3-8); 
however, the extent of this change was surprising, where the CMC values of the 1a*-c* 
(Entries 4, 6, and 8) were roughly one order of magnitude greater than those of 1a-c (Entries 
3, 5, and 7). The large difference in CMC may be rationalised by the substantial increase in 
monomer solubility upon protonation, which leads to self-assembly being thermodynamically 
favoured at much higher monomer concentrations. In addition, the CMC values of 1a*-c* also 
far exceeded those of structurally analogous hydroxy and carboxy bolaforms (Entries 1 and 
2). This follows the conventional logic that ionic moieties have a greater impact on monomer 






Table 5.1: CMC values for amino bolaforms 1a-c and protonated bolaforms 1a*-c*, determined 
via 1H-NMR spectroscopy, and those of analogous hydroxy and carboxy bolaforms.6 
Entry Surfactant Number CMC (mM) 
1 TMC15COOH - 7.4 
2 TMC16OH - 8.6 
3 TMC16NMe2 1a 4.7 ± 0.4 
4 TMC16NMe2.HBr 1a* 38 ± 2 
5 TMC16N-Morph 1b 3.9 ± 0.8 
6 TMC16N-Morph.HBr 1b* 35 ± 1 
7 TMC16N-Pip 1c 1.8 ± 0.2 
8 TMC16N-Pip.HBr 1c* 24 ± 1 
 
With relation to their intended application, the increased CMC values of the protonated 
amino bolaforms may be troublesome if an acid mediated templating method is selected, as 
much higher concentrations would be required for the desired templating effect to be 
observed in the reaction mixture. This may prove particularly challenging if large quantities of 
the materials are desired. Despite this, literature procedures towards the synthesis of 
mesoporous silicate materials often employ very high surfactant concentrations in order to 
promote long range ordering within the material, which negates this concern to some 
extent.7-9 Development of an efficient template extraction method may also offset this 
drawback, where one batch of template could be used in the synthesis of multiple batches of 
material. Preliminary work towards such a system is presented in Chapter 6. 
5.3 Effect of Ionisation State on Aggregate Dimensions 
 
Once their surfactant properties had been assessed, the aggregation behaviour of the 
protonated amino bolaforms was interrogated and compared to that of the respective free 
base forms. The first parameter to be investigated was the effect of protonation on the 
aggregation number (N). As per the 1H-NMR aggregation studies presented in Chapter 4, N 
values were calculated for protonated bolaforms 1a*-c* using the 1H-NMR spectra obtained 
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for the determination of their respective CMC values. The N values and associated errors are 
displayed in Table 5.2, as well as those of structurally related oxygen containing bolaforms. 
Table 5.2: N values for amino bolaforms 1a-c and 1a*-c*, determined via 1H-NMR spectroscopy, 
and those of analogous hydroxy and carboxy bolaforms.6 
Entry Surfactant Number N 
1 TMC15COOH - 6 ± 4 
2 TMC16OH - 5 ± 2 
3 TMC16NMe2 1a 5 ± 1 
4 TMC16NMe2.HBr 1a* 17 ± 6 
5 TMC16N-Morph 1b 8 ± 4 
6 TMC16N-Morph.HBr 1b* 11 ± 1 
7 TMC16N-Pip 1c 10 ± 1 
8 TMC16N-Pip.HBr 1c* 9 ± 5 
 
Unlike the CMC values (Table 5.1), there was some divergence in the effect of protonation on 
the N values of bolaforms 1a-c, depending on the nature of the ω head group (Table 5.2, 
Entries 3-8). In the case of 1a (Entries 3 and 4), protonation resulted in a larger N value, 
whereas there was no significant difference between the N values for the protonated and free 
base states for bolaforms 1b and 1c (Entries 5-8). These results suggest that, due to the 
proportionality of N with aggregate size, that the micellar aggregates of 1a* are larger than 
those of 1a, whereas those of 1b and 1c and their respective protonated forms 1b* and 1c* 
are of comparable dimensions. In order to substantiate these inferences, the aggregate sizes 
of 1a*-c* were subsequently examined via DLS. As per the procedure described in Chapter 4, 
Section 4.3, a concentration of approximately 5 times greater than the CMC of the surfactant 
was required. However, in the interest of resource management, DLS samples of 1a*-c* were 
prepared at 4% w/w, corresponding to concentrations 2.6 - 3.7 times greater than the CMCs 
of the monomers (Table 5.1, Entries 4, 6, and 8), which were predicted to be sufficient for 
accurate data collection. In addition, the greatly increased concentrations did not adversely 
affect the samples, as both the as-prepared and filtered solutions of 1a*-c* remained clear 
and free of any precipitate. The DH(V) values for 1a*-c* and their free base forms 1a-c are 
displayed in Table 5.3. 
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Table 5.3: DH(V) values for amino bolaforms 1a-c and 1a*-c*, obtained via DLS. 
Entry Surfactant Number DH(V) (nm) 
1 TMC16NMe2 1a 1.20 ± 0.32 
2 TMC16NMe2.HBr 1a* 2.06 ± 0.35 
3 TMC16N-Morph 1b 0.96 ± 0.32 
4 TMC16N-Morph.HBr 1b* 1.96 ± 0.65 
5 TMC16N-Pip 1c 1.54 ± 0.49 
6 TMC16N-Pip.HBr 1c* 1.95 ± 0.61 
 
The similarity of the DH(V) values of bolaforms 1a-c  (Table 5.3, Entries 1, 3, and 5) and their 
respective protonated forms 1a*-c* (Entries 2, 4, and 6) indicated that neither the increased 
concentration, nor the presence of excess HBr in the acidified DLS samples, resulted in a major 
phase change of the amino bolaform aggregates. However, it is noteworthy that such a 
change may be observed in future studies regarding the effect of these parameters on the 
aggregation dynamics of the amino bolaforms. Additionally, in contrast to the N values, the 
DLS results suggested that the micellar aggregates of protonated bolaforms 1a*-c* were 
larger than those of the corresponding free base monomers, with the difference between the 
DH(V) values governed by the ω head group structure. In the case of 1a and 1a*, the overlaid 
volume distributions (Figure 5.2) are consistent with the DHV values (Table 5.3, Entries 1 and 
2), with both indicative of a significant increase in aggregate dimensions upon protonation. In 
isolation, these results suggest that increased electrostatic repulsion between charged head 
groups at the micelle exterior is responsible for the increased DH(V) value. However, when the 
respective N values are taken into consideration (Table 5.2, Entries 3 and 4), it is thought that 
both increased electrostatic repulsion and the incorporation of additional monomers into the 




Figure 5.2: Overlaid volume distributions for bolaforms 1a and 1a*, obtained via DLS. 
Although the overlaid volume distributions of bolaforms 1b and 1b* (Figure 5.3) also suggest 
that protonation results in increased micelle dimensions, the similarity of the respective N 
values (Table 5.2, Entries 5 and 6) implies that the increase originates from heightened 
electrostatic repulsions at the micelle surface, rather than the incorporation of additional 
monomers of 1b* into the micellar assemblies. A similar interpretation can be inferred for 
bolaform 1c, where a notable difference between the overlaid volume distributions of 1c and 
1c* (Figure 5.4) is observed, while the N values of the respective monomers (Table 5.2, Entries 




Figure 5.3: Overlaid volume distributions for bolaforms 1b and 1b*, obtained via DLS. 
 
Figure 5.4: Overlaid volume distributions for bolaforms 1c and 1c*, obtained via DLS. 
The results of the preliminary DLS study of the protonated amino bolaforms, combined with 
those of the previous 1H-NMR studies, prompted further investigation into the effect of head 
group composition on aggregate dimensions. This was undertaken via the study of the 
protonated forms of Pyr bolaforms 3b and 3c (denoted 3b* and 3c*), which were selected as 
sufficient quantities were available at the time of the study. Moreover, as the aggregates of 
bolaform 3c were significantly larger than those of the other free base bolaforms (Chapter 4, 
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Section 4.3.2), it was of interest to determine if this difference was retained upon protonation 
of the monomers. In a practical sense, samples of 3b* and 3c* were prepared in an identical 
manner to 1a*-c*. Although the former had not been probed via 1H-NMR spectroscopy, it was 
predicted that the CMC values of the protonated monomers would be comparable to those 
of 1a*-c* (Table 5.1, Entries 4, 6, and 8), such that the preparation of 4% w/w solutions would 
enable accurate data collection. The DH(V) values of 3b* and 3c* are displayed in Table 5.4, 
alongside those of their respective free base forms 3b and 3c. 
Table 5.4: DH(V) values for 3b, 3b*, 3c, and 3c*, obtained via DLS. 
Entry Surfactant Number DH(V) (nm) 
1 PyrC16N-Morph 3b 0.97 ± 0.24 
2 PyrC16N-Morph.HBr 3b* 1.85 ± 0.61 
3 PyrC16N-Pip 3c 2.42 ± 0.89 
4 PyrC16N-Pip.HBr 3c* 2.06 ± 0.67 
 
The results of this DLS study indicated that there was some divergence in behaviour of 3b and 
3c upon protonation. In the case of 3b, a significantly increased DH(V) value was observed 
upon conversion to the protonated form (Table 5.4, Entries 1 and 2). This suggested that 
protonation resulted in significantly increased micelle dimensions, mirroring the behaviour of 
bolaforms 1a-c. The DH(V) values were also  consistent with the lack of overlap of the overlaid 
volume distributions of the two samples (Figure 5.5). Despite this, the increase in dimensions 
cannot be solely attributed to either increased electrostatic repulsions at the micelle surface 
nor the accommodation of more monomers in the aggregates of 3b*, as the N value for the 




Figure 5.5: Overlaid volume distributions for bolaforms 3b and 3b*, obtained via DLS. 
Surprisingly, a decrease in the DH(V) value of 3c was observed upon conversion to 3c* (Table 
5.4, Entries 3 and 4); this behaviour was in direct opposition to that of bolaforms 3b and 1a-
1c, where protonation resulted in the formation of larger aggregates. The overlaid volume 
distributions were also consistent with this outcome (Figure 5.6), although the significant 
overlap of the distribution areas indicated that the difference suggested by the DH(V) values 
was not as pronounced as initially thought. As the N value of 3c* was not calculated, it is 
unknown if the observed decrease in aggregate size can be attributed to the incorporation of 
fewer protonated monomers into the micellar assemblies. However, it is speculated that the 
decreased DH(V) value of 3c* arises from an overall increase of polarity of the micelle surface 
upon protonation. Specifically, the steric and electrostatic screening effects of the α 
pyridinium bromide and ω piperidino head groups, which are predicted to be the origin of the 
large DH(V) value of 3c (Table 5.4, Entry 3), may be partially mitigated by the protonation of 
the ω nitrogen, such that the head groups are more “tightly held” at the micelle surface. 
Additionally, although it is predicted that strong electrostatic repulsions occur between the 
head groups of 3c*, it is speculated that these interactions are superseded by the increased 
polarity of the micelle exterior, resulting in a net decrease in aggregate dimensions. Despite 
being consistent with the presented data, further studies regarding the protonated amino 




Figure 5.6: Overlaid volume distributions for bolaforms 3c and 3c*, obtained via DLS. 
In addition to comparison of the free base and protonated forms of the selected monomers, 
an internal comparison of the relative dimensions of the protonated bolaforms was 
undertaken. Curiously, when the volume distribution plots of the protonated bolaforms are 
overlaid (Figure 5.7), the plots appear to converge towards a shared profile, as indicated by 
the overlap of the distribution areas. Specifically, the distributions of bolaforms 1b*, 1c*, and 
3c* are practically identical, while those of 1a* and 3b* partially overlap with the former. This 
convergence is further exemplified when the overlaid volume distributions of the protonated 
bolaforms are compared to the analogous plot for their free base counterparts (Figure 5.8), 
where the distribution areas do not overlap to the same extent. Accordingly, comparison of 
the plots suggests that the influence of the α and ω head group structures on micelle size is 
mitigated upon protonation, where electrostatic repulsions between the quaternary nitrogen 
atoms at the micelle surface dominate. It is thus predicted that these repulsions are the 
primary determinant of the observed micelle size of the protonated bolaforms. This 
proposition is also consistent with the previous theory regarding bolaforms 3c and 3c*, 
whereby protonation serves to counteract the increase in micelle size attributed to the 
particular combination of head groups. Nonetheless, this inference is based on the results of 
the DLS study alone, and does not account for the accommodation of lesser or greater 
numbers of monomers within the micelle aggregates, of which the contribution towards the 
observed micelle dimensions cannot be overlooked. Future studies probing the aggregation 
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tendencies of a wider range of amino bolaform monomers and their respective acid 
conjugates may enable the origin of this phenomenon to be elucidated. 
 
Figure 5.7: Overlaid volume distributions for bolaforms 1a*-c*, 3b*, and 3c*, obtained via DLS. 
 






Overall, the preliminary studies presented in this chapter indicate that the charge state of the 
tertiary amino ω head groups of the amino bolaform surfactants has a significant impact on 
their surfactant and aggregation properties. As predicted, the solubility of the amino 
bolaforms was dramatically enhanced upon protonation, which resulted in significantly 
increased CMC values. Additionally, the DH(V) values of a number of the protonated bolaforms 
appeared to converge, as indicated by DLS measurements. Although this may be partially 
attributed to the incorporation of additional monomers in the case of 1a and 1a*, the 
increased electrostatic repulsion between the cationic head groups at the micelle surface 
appears to be the origin of this phenomenon. Specifically, it is predicted that protonation 
serves to mitigate the influence of the α and ω head group structures on the electrostatic 
interactions at the micelle surface, such that the differences in aggregate dimensions 
observed for the corresponding free base bolaforms are reduced. 
Regarding their intended application as SDAs, the convergence of the distributions of the 
protonated amino bolaforms indicate that there may be less variation in the pore diameters 
of the respective silicate materials if synthesised under acidic conditions. Of particular note is 
the distribution of 3b* (Figure 5.7, teal), the area of which lies predominantly within the 
super-microporous window of 1.2 ꟷ 2.0 nm, relative to the other protonated examples. 
However, the results also suggest that a wider range of pore diameters may be accessible 
when the amino bolaforms are utilised as templates in an alkaline medium, which may be 
beneficial if a specific diameter is desired. Despite this, the aggregates of both the free base 
and protonated amino bolaforms remain comparable, and their capability to form aggregates 
of the desired dimensions when in either charge state highlights their potential as SDAs under 
a variety of templating conditions. Additionally, the response of the aggregate size to 
ionisation state may enable the production of materials with differing pore dimensions via 
modification of the reaction conditions rather than modification of the monomer, providing 
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Chapter 6: Amino Bolaforms as 
Templates for Super-microporous 
Silicates 
 
As outlined in Chapter 1, one of the aims of this work was to assess a selection of the newly 
obtained amino bolaform surfactants as SDAs in the synthesis of super-microporous silicate 
materials. This application was pursued as the amino bolaforms were predicted to have 
highly desirable properties for this setting, namely their capability to form stable micellar 
aggregates of the appropriate dimensions, which in turn would enable access to pore sizes 
normally unreachable through conventional surfactant templates. Fortunately, the majority 
of the amino bolaforms synthesised in this work possessed the intended properties, 
including high solubility and the tendency to form micellar aggregates within the desired size 
range, so their use in this setting was explored. 
 
6.1 Development of Standard Templating Procedure 
 
Before trialling the amino bolaforms as SDAs, the development of a standard templating 
method was required. It was also of interest to compare the amino bolaform templated 
materials to a reference mesoporous material synthesised with a conventional surfactant 
analogue, as this would enable the influence of the ω tertiary amino head group on the 
material properties to be clearly observed. MCM-41 type mesoporous silicate was selected 
for this purpose, as it is traditionally synthesised using cetyltrimethylammonium bromide 
(CTAB, or TMC16), the conventional surfactant analogue of the amino bolaforms in this work. 
In addition, many researchers report the synthesis of high-quality samples of MCM-41 
utilising cost-effective reagents and straightforward synthetic procedures,1-4 further 
highlighting the suitability of this material for this study. 
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A procedure published by Ryoo and co-workers regarding the synthesis of MCM-41 with 
sodium silicate in an alkaline medium was selected as the reference procedure for this 
work,5 as it had been previously adapted for work within the group regarding the study of 
related hydroxy bolaform surfactant as SDAs.6 The chemistry of the procedure can be 
separated into three major phases, the first of which involves association of silicate 
precursor species and the surfactant SDA in the reaction medium. This is achieved via 
heating of the components in the aqueous mixture over an extended period, ensuring that 
the majority of the silicate precursor species and the SDA micelles are arranged in a 
hierarchical manner. The use of the commercially available colloidal silica LUDOX® AS-40 as 
the silica source also necessitates the in-situ generation of the silicate precursor species via 
addition of aqueous NaOH. Consequently, the exact nature of the silicate species are 
unknown; however, the reaction mixture is predicted to contain predominantly orthosilicate 
ions ([SiO4]4-) at this stage, as low molecular weight monosilicate species are known to 
dominate in alkaline solutions.7 The second stage of the templating procedure involves the 
hydrothermal condensation of the porous framework, which is initiated via the slow 
addition of dilute AcOH solution to the reaction mixture. This results in a gradual reduction 
of the solution pH, which promotes the conversion of the silicate precursor species to the 
corresponding silanols. Consequently, when a sufficient number of reactive silanol sites have 
been generated, the condensation and polymerisation of adjacent precursor species 
commences, affording the porous inorganic framework. When this pH adjustment is first 
performed, rapid gelation of the reaction mixture occurs upon addition of the requisite 
amount of AcOH, providing a convenient visual indicator of the generation of sufficient 
numbers of silanol species. Moreover, after this initial pH adjustment, the process is 
performed two more times, which ensures optimal generation and reaction of silanol 
species, and in turn enhanced stability of the network through increased covalent bonding 
between neighbouring units. The final stage in the procedure involves the removal of the 
surfactant template via calcination. Along with the combustion of the SDA and other 
residual organic components, calcination typically results in additional condensation of the 
inorganic network through formation of ancillary siloxane bridges. A detailed description of 
the templating procedure is available in Chapter 8, Section 8.5.1.  
During preliminary testing of the templating procedure, some difficulties were encountered 
regarding the structural stability of the polypropylene (PP) screw-cap reaction vessels. Upon 
the prescribed heating of the reaction mixture, a number of the vessels were observed to 
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fail, resulting in complete evaporation of the reaction solution, and rendering the contents 
irrecoverable. Each instance of this structural failure appeared to occur at an unpredictable 
interval after the first pH adjustment, which indicated that the PP reaction vessels were not 
able to withstand the internal pressure generated upon heating of the contents. Multiple 
courses of action were undertaken in order to rectify this issue, including using different 
bottles within the same and different manufacturing batches, using PP bottles of different 
volumes, and reducing the internal headspace by inserting ceramic beads into reaction 
vessel. Unfortunately, none of these methods were successful in preventing the structural 
failure. Eventually, this issue was resolved via the use of stainless steel pressure vessels, 
which were sealed with an external screw mechanism. 
Due to the widely known properties of MCM-41 type mesoporous silicates, a full 
characterisation of the materials synthesised during the testing of the standard templating 
method was deemed excessive. Alternatively, the quality of the silicate samples were 
assessed via comparison of their properties to those of literature examples, with small angle 
powder X-ray diffraction (P-XRD) selected for this purpose. Commonly utilised in the 
characterisation of nanoporous materials, small angle P-XRD enables the categorisation of 
new materials based on their pore geometry.8 Unlike single crystal X-ray diffraction, a fine 
powder of the sample is instead analysed. This results in a diffraction pattern originating 
from all possible orientations of the crystal lattice, which is invaluable for the 
characterisation of amorphous and semi-crystalline inorganic solids such as ordered 
nanoporous silicates. Additionally, the pore dimensions of solids analysed via this technique 
are typically orders of magnitude greater than the wavelength of the collimated radiation 
source of the instrument,8-10 which results in very small deflection of the scattered radiation 
relative to the horizontal plane. Experimentally, this is counteracted by decreasing the angle 
of the incident radiation, which increases the angle of scattered radiation and thus results in 




The standard output of a small angle P-XRD experiment is a diffractogram, where the 
intensity of the scattered beam is plotted against the scanning angle (Figure 6.1). The plot is 
comprised of a number of individual reflections, which are the sum of the number of 
interactions of the incident radiation with specific structural features in the sample. Thus, 
structural features which are present in greater numbers within the sample are correlated 
with reflections of increased intensity. In combination, these individual reflections provide 
the overall reflection pattern of the sample, which enables the pore geometry and spatial 
positioning of the structural features to be discerned. For new nanoporous materials, this is 
typically achieved through comparison of the reflection pattern to those of previously 
indexed materials. 
The diffractogram displayed in Figure 6.1 is of a typical MCM-41 type mesoporous silicate 
with hexagonal pore structure.11 In addition to the parent reflections of the hexagonal unit 
cell (Figure 6.1, 100 and 110), the presence of short range pore ordering within the sample is 
also indicated by the presence of higher order reflections of reduced intensity (200 and 
210), which originate from adjacent unit cells.12 Moreover, the general intensity of the 
reflection pattern is also representative of the total number of pores, and thus the overall 
crystallinity of the sample. This enables materials prepared in the same work to be 
compared, and the effect of various templating conditions on the quality of the material to 
be ascertained. Accordingly, the silicates synthesised during the development of the 
standard templating method in this work were analysed and compared via small angle P-
XRD, with the ultimate goal of verifying the consistency of the procedure. 
 
Figure 6.1: Diffractogram of a typical MCM-41 type mesoporous silicate.11 
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During preliminary testing of the templating procedure, a number of samples produced 
diffractograms with very low intensity reflections, indicating that the templating effect of 
the conventional surfactant SDA was not as prominent as intended. This was predicted to 
originate from the over-acidification of the reaction solution during the initial pH adjustment 
phase. Specifically, the initial adjustment involved the gradual addition of dilute acid 
solution to the reaction mixture until gelation, which was performed in order to control the 
rate of condensation of the silanol species. It was predicted that a drastic reduction in pH 
over an extremely short period would greatly accelerate the rate of condensation, 
potentially disrupting the pre-formed hierarchical assemblies of silicate precursor species 
and surfactant aggregates, and thus resulting in a loss of order in the isolated solid. This was 
resolved in subsequent attempts of the templating procedure via decreasing the rate of acid 
addition, with later samples displaying sharp, high intensity reflections characteristic of 
MCM-41 mesoporous silicates with hexagonal pore geometry (Figure 6.2). The presence of 
higher order reflections (d200, d210, and d300) also indicated the presence of short range 
ordering within the material. 
 
Figure 6.2: Diffractogram of high-quality hexagonal MCM-41 type mesoporous silicate 
synthesised in this work using the standard templating procedure. 
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After MCM-41 mesoporous silicates of the requisite quality were obtained, a reduction in 
scale of the procedure was investigated. As one instance of the literature procedure 
required 16 mmol of surfactant template, a reduction in scale was highly desirable, as this 
would significantly reduce the resource and time investment associated with the synthesis 
of large amounts of the amino bolaforms. This was first explored via halving the amounts of 
all chemicals utilised in the templating procedure, while leaving the experimental 
procedures unchanged.  
Although the diffractogram of the material obtained from the half scale templating 
procedure suggested an MCM-41 type mesoporous silicate had been formed (Figure 6.3, 
red), the reflections appeared significantly less intense than those of the material obtained 
from the full scale procedure (black). This reduction also resulted in concealment of the 
higher order d210 and d300 reflections within the baseline of the diffractogram. The lower 
intensity of the half scale sample was predicted to originate from a mass transfer effect, 
whereby the formation of smaller discrete particles inhibited the templating effect of the 
CTAB micelles. Specifically, although the total number of silicate precursor species in the 
reaction medium was half that of the original, the rate of condensation may have been 
unaffected, as pH adjustment was performed as per the original procedure. Consequently, 
this may have resulted in disruption of the pre-formed hierarchical assemblies of silicate 
precursor species and surfactant micelles, ultimately resulting in fewer mesopores 
contained in smaller discrete particles. This theory is consistent with the observation of the 
characteristic MCM-41 type hexagonal reflection pattern in the diffractogram, albeit at a 
much lower intensity, and mirrors the findings from preliminary testing of the templating 
procedure at the original scale, where samples thought to be over-acidified produced 
similarly low intensity reflection patterns. Although the predicted correlation between 
reaction scale, particle size, and reflection intensity may have been explored further through 
the use of scanning electron microscopy (SEM), this was not pursued, as control of particle 
size was outside the scope of this work. Considering the outcome of the half scale 
procedure, the original scale of the developed templating procedure was utilised in all 




Figure 6.3: Overlaid diffractograms of MCM-41 type mesoporous silicates synthesised using the 
standard templating procedure (black) and half scale procedure (red). 
 
6.1.1 Template Recovery Studies 
 
For nanoporous materials synthesised using a soft templating method, the removal of the 
templating species is required in order to liberate the internal surface area of the material. 
Traditionally, this is achieved via calcination, which involves complete combustion of the 
template at high temperatures. Generally, the loss of the template in this manner is not a 
major concern when commercially available conventional surfactants or block copolymers 
are utilised. However, the destruction of the amino bolaform surfactants in this manner, due 
to the limited amounts available in this work, would be wasteful. Accordingly, it was of 
interest to explore the removal of the amino bolaform templates from the silicate samples 
via alternative means, in an effort to recoup some of the time and resource investment 
required to synthesise these materials. This was first investigated with the MCM-41 silicates 
obtained during the verification of the templating procedure, with the results of this initial 
study enabling the selection of the most appropriate techniques for trial with the amino 
bolaform templated silicates. 
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The removal of organic surfactant templates from nanoporous silicates via alternative 
means has been previously investigated, with procedures ranging from supercritical fluid 
extraction to microwave oxidation and dielectric-barrier discharge.13-15 Despite this, a 
majority of these procedures involve the chemical degradation of the template, so were 
unsuitable for this work. Accordingly, two non-destructive techniques were selected for 
investigation, the first being solvent extraction. This approach typically involves reflux of the 
sample in the designated solvent over an extended period, which affords removal of the 
surfactant template while preserving the structural integrity of the inorganic framework.16 
Although the straightforward nature of the technique is advantageous, solvent extraction is 
generally less effective than destructive methods such as calcination. This was previously 
demonstrated in a study published by Twaiq and co-workers, where various template 
removal methods were trialled on an MCM-41 type mesoporous silicate synthesised using 
the conventional surfactant CTAB as the SDA.17 The authors noted that, although Soxhlet 
extraction of the material in EtOH over an extended period afforded partial removal of the 
template, the technique was largely ineffective in comparison to calcination, as indicated by 
a number of spectroscopic parameters. With this in mind, the method described17 was 
adapted for this work, with the extraction solvent changed from EtOH to MeOH in an effort 
to enhance the template removal efficiency. 
The removal of the template via ultrasound treatment was the second method trialled in 
this work. A comprehensive study by Zanjanchi and Jabariyan describes the effectiveness of 
ultrasound treatment on MCM-41 type mesoporous silicates, where the effect of stirring, 
temperature, treatment time, and number of treatments on the template removal efficiency 
were interrogated.18 The authors reported that a majority of the CTAB template could be 
removed via sonication in alcohol, and that the resulting silicates exhibited more 
pronounced structural features than the corresponding calcined samples. Accordingly, that 
procedure was also adapted for use in this work, where the MCM-41 samples were 
dispersed and sonicated for 15 minutes with stirring at regular intervals. For comparative 




Before trialling the alternative template removal methods, it was of interest to determine 
the effect of calcination on the isolated crude silicates, as this would enable the 
effectiveness of the other methods to be assessed. This was achieved through the 
comparison of the diffractograms of both crude and calcined samples of the MCM-41 
mesoporous silicates synthesised using the previously developed standard method (Figure 
6.4). Here, a significant increase in reflection intensity was observed upon calcination (red) 
of the crude silicate (black), characteristic of a greater number of vacated mesopores in the 
calcined sample. In addition, the results suggest that removal of the template in this manner 
does not significantly alter the morphology of the mesopores, due to the identical reflection 
angles of both the untreated and calcined samples. 
 
Figure 6.4: Overlaid diffractograms of crude and calcined MCM-41 type mesoporous silicates 
synthesised using the standard templating procedure. 
Accordingly, MCM-41 samples were first subjected to the solvent and ultrasound template 
removal procedures, after which they were analysed via small angle P-XRD. Portions of these 
samples were also subjected to calcination and their diffractograms recorded, in order to 
determine if the combination of destructive and non-destructive techniques influenced the 
overall template removal efficiency or the structure of the mesopores. To complement the 
small angle P-XRD data, the effectiveness of the template removal methods were also 
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assessed via two additional parameters, the first being the percentage mass loss of the 
silicate sample. As the recovery of the surfactant template was the primary target of this 
particular study, the percentage mass loss is defined as the percentage difference between 
the mass of the silicate sample before and after exposure to the corresponding template 
removal method, or in other words, the mass of the silicate sample which had been lost 
relative to its initial mass. Thus, as a reduction in mass of the silicate sample suggests 
removal of the SDA, this parameter would provide an initial indication as to the 
effectiveness of the template removal techniques. The percentage solid mass recovered 
from the extraction solvent was also of interest, and is defined as the mass of the organic 
residues recovered from the MeOH fractions used in the extraction and ultrasound template 
removal methods, relative to the mass of the initial silicate sample. Subsequent analysis of 
these residues via 1H-NMR spectroscopy would also indicate the potential for isolation and 
re-use of the surfactant template. The values for the percentage mass loss of the silicate 
sample and the percentage solid mass recovered from the organic residues for MCM-41 
mesoporous silicate samples subjected to the various template removal methods are 
displayed in Table 6.1. 
Table 6.1: Percentage mass loss of silicate sample and percentage solid mass recovered from 
organic residues for MCM-41 type mesoporous silicate samples subjected to various template 
removal methods. 
Entry Template removal method(s) Mass loss (%) Solid mass recovered (%) 
1 Calcination 45 - 
2 Extraction 7 32 
3 Ultrasound 28 14 
4 Extraction, calcination 43 - 
5 Ultrasound, calcination 57 - 
 
When the percentage mass loss values are compared, it is clear that calcination (Table 6.1, 
Entry 1) is the most efficient template removal method, with solvent extraction (Entry 2) and 
ultrasound treatment (Entry 3) proving less effective. This outcome is also reflected in 
samples calcined after being subjected to the non-destructive methods (Entries 4 and 5), 
whereby calcination resulted in a significantly increased loss of mass compared to the non-
calcined equivalents (Entries 2 and 3). This highlights the effectiveness of the combustion of 
the organic surfactant template, and accounts for the widespread use of calcination in the 
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synthesis of nanoporous materials. Surprisingly, ultrasound treatment (Entry 3) also resulted 
in a far greater loss of mass of the silicate sample than solvent extraction (Entry 2), despite 
both methods involving exposure of the sample to a large volume of MeOH. This difference 
is thought to originate from the nature of the techniques. Although the extracted sample is 
exposed to a continuous flow of hot solvent through the Soxhlet apparatus, the lack of 
mechanical agitation may hinder diffusion of the solvent through the internal mesopore 
structure. In contrast, ultrasound treatment may afford greater diffusion of the extraction 
solvent through the material, resulting in enhanced removal of the template. 
Although the percentage mass loss values indicated the relative effectiveness of the solvent 
extraction and ultrasound techniques, the results were inconsistent with the percentage 
solid mass recovered from the organic residues (Entries 2 and 3). The origin of this 
discrepancy was not elucidated, but was likely due to the presence of residual MeOH in the 
silicate samples, which may have contributed to the mass loss of the sample being lower 
than expected. This theory is also consistent with the drying of the silicate samples after 
treatment, which was carried out under vacuum at room temperature; this may not have 
been sufficient to promote the removal of residual MeOH. Moreover, the greatly increased 
mass loss values for the samples subjected to a combination of a non-destructive technique 
and calcination (Entries 4 and 5) also support the proposed reasoning, as the elevated 
calcination temperature would likely result in complete removal of residual MeOH. Despite 
this, proton signals characteristic of CTAB were observed in the 1H-NMR spectra of both the 
extraction and ultrasound treatment residues, suggesting that partial recovery of the 
template was possible. 
The diffractograms of the samples subjected to the various template removal methods 
(Figure 6.5) were also consistent with the percentage mass loss values (Table 6.1), with all of 
the calcined samples producing much higher intensity reflections than their non-calcined 
counterparts. This reaffirmed the effectiveness of calcination, due to the correlation 
between the number of vacated mesopores and the overall reflection intensity. The sample 
subjected to ultrasound treatment (Figure 6.5, red) also produced a marginally more intense 
reflection pattern than that of the extracted sample (green), corresponding to the greater 
percentage mass loss of the former. Moreover, despite the differences in intensity, no 
deviation in the primary or higher order reflection angles was observed, indicating that the 
overall hierarchy and pore morphology was not affected by the removal of the template, 
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independent of the method used. Taking the results of this study into account, the 
extraction method was not selected for future templating work due to its ineffectiveness, 
whereas calcination, ultrasound, and a combined ultrasound/calcination procedure were 
selected for use with the amino bolaform templated materials. 
 
Figure 6.5: Overlaid diffractograms of MCM-41 type mesoporous silicates subjected to various 
template removal methods, obtained via small angle P-XRD. 
 
6.2 Amino Bolaform Templated Silicates 
 
After verifying the standard templating procedure and the template removal methods, the 
synthesis of nanoporous silicates with a selection of the amino bolaform surfactants was 
explored. Given the results of the study regarding downscaling of the templating procedure, 
the trial of all nine of the newly synthesised amino bolaform derivatives was not 
undertaken. Instead, a subset of TM bolaforms 1a-c was selected, primarily due to the high 
overall yields of these derivatives translating well to large scale syntheses. In addition, the 
inclusion of the TM α head group would enable direct comparison of the materials to MCM-
41 type mesoporous silicates synthesised with the structurally analogous conventional 
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surfactant CTAB, while also enabling any correlation between the tertiary amino ω head 
group structure and the pore properties to be elucidated. The silicates synthesised in this 
work are referred to using a three letter designation as standard for newly obtained 
nanoporous materials, and are labelled amino bolaform silicates (ABS-X), where X is the 
compound number of the amino bolaform SDA. 
Experimentally, the standard templating procedure was utilised at the original scale, with 
the only modification being the replacement of CTAB with an equimolar amount of the 
corresponding amino bolaform 1a-c. Although this did not lead to substantial changes in the 
appearance of the reaction mixtures or the isolated silicate materials, some minor 
differences were noted during their synthesis. Firstly, a large increase in the viscosities of 
the reaction mixtures was observed during the initial pH adjustment stage, more so than 
when the conventional SDA CTAB was utilised. However, this was only temporary, as the 
solutions returned to a regular viscosity after hydrothermal treatment. In addition, the ABS 
samples did not retain water to the same degree as the MCM-41 silicates when subjected to 
vacuum filtration. This suggested the silicates were porous in nature, potentially more so 
than the corresponding MCM-41 materials. After isolation of the untreated solids, the 
removal and recovery of the templates from the ABS silicates was investigated. Based on the 
previous template removal study, samples of each material were subjected to calcination, 
ultrasound, and a combination of the two techniques, with their effectiveness assessed via 
percentage mass loss, percentage solid mass recovered, and comparison of their respective 




Table 6.2: Percentage mass loss and percentage solid mass recovered for ABS samples subjected 
to various template removal methods. 
Entry Material Template removal method(s) Mass loss (%) Solid mass recovered (%) 
1 
ABS-1a 
Calcination 61 - 
2 Ultrasound 40 22 
3 Ultrasound, calcination 43 - 
4 
ABS-1b 
Calcination 53 - 
5 Ultrasound 19 15 
6 Ultrasound, calcination 39 - 
7 
ABS-1c 
Calcination 57 - 
8 Ultrasound 20 18 
9 Ultrasound, calcination 47 - 
 
In terms of percentage mass loss, all of the ABS samples responded similarly to calcination, 
underlining the effectiveness of the technique (Table 6.2, Entries 1, 4, and 7). In contrast, 
ultrasound treatment appeared to be more effective with ABS-1a (Entry 2) than the other 
two materials, which responded almost identically (Entries 5 and 8). However, a significant 
increase in mass loss was observed for ABS-1b and ABS-1c when subjected to both 
ultrasound and calcination (Entries 6 and 9), whereas no significant change was observed for 
ABS-1a (Entry 3). Although the origin of this difference was unclear, it is speculated that a 
number of factors may be responsible, including the structure of the tertiary amino head 
groups, their interactions with the extraction solvent and the inorganic framework, and the 
dimensions and morphologies of the internal porous hierarchy. Minor variation within the 
templating procedures was also likely, as each material was only synthesised once due to 
the limited amount of amino bolaform surfactant templates available. In addition, the 
percentage solid mass recovered from the ABS samples subjected to ultrasound were 
comparable (Entries 2, 5, and 8), with discrepancies between the mass loss and the mass 
recovered of these samples mirroring that of the corresponding MCM-41 sample (Table 6.1, 
Entry 3). Thus, it is speculated that the difference is due to previously discussed factors.  
Once isolated, the organic ultrasound residues were analysed via 1H-NMR spectroscopy, 
where signals corresponding to the protonated forms of 1a-c were observed in the 
respective spectra. This was consistent with the addition of AcOH during the pH adjustment 
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phases. The isolation of the free base forms of 1a-c was subsequently attempted via 
treatment with basic alumina, as per the procedure used in the synthetic route (Chapter 2, 
Section 2.5). Although the subsequent 1H-NMR spectra indicated successful deprotonation, 
the amino bolaforms could not be isolated from the bulk residue via recrystallisation. This 
was likely due to the scale of the study, where only small portions of the bulk were 
subjected to ultrasound treatment. Although the amino bolaform templates were not 
isolated as workable solids, it is predicted that this could be achieved via a combination of 
upscaling and optimisation of the ultrasound procedure, depending on the nature of the ABS 
material. 
In addition to the ultrasound organic residues, it was predicted that the amino bolaform 
templates could be partially recovered from the various aqueous fractions obtained during 
the templating procedure. Specifically, the initial alkaline reaction mixture and the 
hydrothermal treatment filtrate were predicted to contain residual amounts of the 
templates which had not been incorporated into the inorganic framework. Accordingly, both 
of these fractions were freeze-dried, which afforded a significant amount of white solid in 
each case. Although subsequent 1H-NMR analysis of these solids indicated a trace amount of 
1a-c were present, the residues were primarily comprised of sodium acetate salt, which 
originated from the addition of acetic acid during the pH adjustment stages. The isolation of 
1a-c from the bulk freeze-dried residues was thus attempted via treatment with basic 
alumina, as in the case of the ultrasound residues. This was unsuccessful, likely due to the 
template comprising a minuscule fraction of the bulk. On the other hand, the absence of 
template in the aqueous filtrates suggested that the majority of the amino bolaform 




The diffractograms of the ABS variants revealed an intriguing correlation between tertiary 
amino ω head group structure and the nature of the corresponding silicate. In the case of 
ABS-1a, the crude silicate (Figure 6.6, black) produced one high intensity primary reflection 
accompanied by a broader secondary reflection, with the overall pattern similar to that of a 
porous silicate obtained in previous work, synthesised with fumed silica and an analogous 
hydroxy bolaform surfactant as the template. This suggested that ABS-1a was lamellar in 
nature, comprised of alternating layers of bolaform 1a and the inorganic solid. 
 
 
Figure 6.6: Overlaid diffractograms of ABS-1a samples subjected to various template removal 
methods. 
Although unexpected, lamellar type mesoporous materials have been previously reported, 
with the most similar example being MCM-50, which is synthesised using conventional 
quaternary ammonium surfactant SDAs.19 Additionally, the synthesis of lamellar hierarchical 
silicates using CTAB and dehydroabietylamine as an auxiliary additive has been reported,20 
with the diffraction patterns of the reported materials being comparable to that of ABS-1a. 
Accordingly, the interplanar spacing (d) values, which describe the distance between two 
parallel planes in the crystal lattice of the material, were calculated for both the primary and 
secondary reflections of the crude sample. Interestingly, the values of 1.57 and 1.58 nm 
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were within the super-microporous window of 1.2 ꟷ 2.0 nm, indicating that materials with 
the desired pore size were obtainable through this approach. 
Despite this promising result, the hierarchy present in ABS-1a was subsequently lost upon 
the removal of 1a via calcination, as indicated by the absence of reflections (Figure 6.6, red). 
This indicated that the surfactant was a key component of the material, and was also 
consistent with the assignment of a lamellar structure, as removal of alternating layers of 
surfactant would result in complete loss of order. This is also supported by the reflection 
pattern of the sample subjected to ultrasound treatment (Figure 6.6, blue), where the 
primary reflection is broader and shifted to a higher angle, and the secondary reflection is 
not observed. This transformation suggests a partial loss of order due to the partial removal 
of 1a, which is consistent with the percentage mass loss of the sample (Table 6.2, Entry 2). 
Similarly to the directly calcined sample (Figure 6.6, red), calcination of the ultrasound 
treated sample also resulted in practically complete loss of hierarchy (Figure 6.6, blue). 
However, the comparable percentage mass loss values of the two samples (Table 6.2, 
Entries 2 and 3) suggests that the loss of order originates from the collapse of the partially 




The reflection pattern of the crude ABS-1b sample (Figure 6.7, black) was almost identical to 
that of the corresponding ABS-1a sample (Figure 6.6, black), once again suggesting the 
formation of a lamellar type hierarchical silicate. The interplanar spacing values of 1.65 and 
1.61 nm were also within the desired super-microporous window of 1.2 ꟷ 2.0 nm. 
Calcination of ABS-1b also resulted in the complete collapse of the internal structure (Figure 
6.7, red), in a similar manner to ABS-1a. Despite this, a greater degree of hierarchy appeared 
to be preserved upon ultrasound treatment of ABS-1b (Figure 6.7, blue), where the primary 
reflection was shifted to a higher angle, but did not broaden to the same degree as ABS-1a 
(Figure 6.6, blue); however, the hierarchy was subsequently lost upon calcination (Figure 
6.7, green). Interestingly, this diminished response to ultrasound appeared to be correlated 
with a lower percentage mass loss value (Table 6.2, entry 5), which implies that bolaform 1a 
is more easily removed via ultrasound than bolaform 1b. This may be a consequence of the 
difference in tertiary amino head group structure of the two surfactants. Additionally, in 
combination with the respective diffractograms (Figure 6.7, blue and green), the significant 
difference in percentage mass loss between the two ultrasound treated ABS-1b samples 
(Table 6.2, Entries 5 and 6)  suggests that calcination of the partially vacated inorganic 
network results in both contraction and the removal of additional amino bolaform template. 
 




In contrast to the previous two silicates, the ABS-1c material synthesised using amino 
bolaform 1c was vastly different in terms of both hierarchy and response to template 
removal. In the first instance, the reflection pattern of the crude sample (Figure 6.8, black) 
was completely different to those of the corresponding ABS-1a and ABS-1b samples (Figure 
6.7, black, and Figure 6.8, black). Instead of a lamellar phase, the reflections suggested the 
formation of a cubic pore geometry with ia3d symmetry, as commonly seen in MCM-48 type 
mesoporous silicates.21-23 Interestingly, when assigned this geometry, the d value for the 
primary reflection (2θ = 2.40°) is 4.27 nm, more than double that of the values calculated for 
ABS-1a and ABS-1b, and indicative of mesoporosity. In addition, the hierarchical structure of 
ABS-1c appeared to be stable upon removal of the template, as indicated by the similar 
reflection angles of samples subjected to the various techniques (Figure 6.8, red, blue, and 
green). The relative intensities of the samples were also consistent with their respective 
percentage mass loss values (Table 6.2, Entries 7-9), with both results suggesting that 
calcination was the most effective template removal method.  
 





6.2.1 Gas Sorption Study 
 
In order to complement the small angle P-XRD data, it was of interest to assess the ABS 
materials via other material characterisation techniques. The first method utilised was gas 
sorption, which is commonly used to estimate the surface area and pore properties of 
nanoporous materials. Briefly, this technique is based on the principles of adsorption and 
desorption, where atoms on an exposed surface tend to attract small chemical species, 
termed adsorbates, resulting in a reduction in surface energy.24 This is of particular 
importance in the context of nanoporous materials, where inherently high surface areas 
result in enhanced adsorption capacities, the measurement of which can be used to 
estimate certain physical parameters of the material. Experimentally, this is achieved via 
controlled exposure of the material to certain pressures of an inert gas, typically N2, at 
constant temperature, and recording the quantity of gas adsorbed via partial pressure 
measurement. Once fully saturated, the process is reversed in order to assess the 
desorption characteristics of the sample. The collected data is then used to produce an 
adsorption/desorption isotherm, the shape of which can be classified according to the 
standard physisorption isotherms defined by IUPAC, which are themselves indicative of the 
pore structure of the material (Figure 6.9).25 Moreover, mathematical manipulation of the 
isotherm data also enables estimation of the pore volume, pore width and surface area of 
the sample, most commonly via the Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda 




Figure 6.9: IUPAC classification of physisorption isotherms25. 
In relation to this work, the assessment of all three of the ABS materials via gas sorption was 
desired; however, ABS-1c was deemed the only material appropriate for analysis. As 
suggested by their respective diffractograms (Figures 6.6 and 6.7), amino bolaforms 1a and 
1b appeared to be vital to the structural integrity of ABS-1a and ABS-1b respectively. It was 
thus predicted that exposure of crude samples of these silicates to high pressures of inert 
gas would significantly disrupt or collapse the lamellar framework via removal of the 
surfactant template, in a similar manner to those subjected to template removal. Due to this 
concern, ABS-1a and ABS-1b were not assessed via gas sorption. In contrast, the 
diffractograms of the ABS-1c samples (Figure 6.8) indicated that this was not the case with 
bolaform 1c, and ABS-1c was thus selected for gas sorption analysis. Specifically, the 
calcined sample of ABS-1c was selected due to its high intensity reflection pattern (Figure 
6.8, red) suggesting a greater number of vacated pores were present. Unfortunately, the 
calcined sample of ABS-1c could not be analysed locally, as the specific instrumentation was 
not available. Instead, analysis of the sample was achieved through collaboration with 
Professor Shane Telfer, Principle Investigator at The MacDiarmid Institute, and academic 
group leader at Massey University. 
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Analysis of the calcined ABS-1c sample via N2 gas sorption revealed that the material did not 
possess a super-microporous hierarchy as intended. This was indicated by the position of 
the data points on the relative pressure scale, as well as the overall shape of the 
adsorption/desorption isotherm (Figure 6.10), which resembled the IUPAC type IV(a) 
isotherm associated with mesoporous solids rather than the type I(a) or type I(b) isotherms 
characteristic of microporous materials (Figure 6.9). 
 
Figure 6.10: N2 gas adsorption/desorption isotherm of calcined sample of ABS-1c. 
Despite this setback, the isotherm provided insight regarding the structural makeup of the 
calcined ABS-1c material. Firstly, the region encompassing low relative pressures (Figure 
6.10, a)) was comprised of two distinct sections, with the sharper uptake of the initial 
section representative of monolayer adsorption of the material. Although this so-called 
“knee” section may have been indicative of micropore adsorption if taken in isolation, the 
presence of other features at higher relative pressures ruled out this possibility. In contrast, 
the linear section of this region corresponded to complex multi-layer coverage of the 
surface, after adsorption of the initial monolayer. This was a strong indicator of the presence 
of internal mesoporosity, and the data points in this section were subsequently used in the 
calculation of the surface are of the sample via the BET method.   
The second major feature of the ABS-1c isotherm was encountered at moderate relative 
pressures (Figure 6.10, b)), where a narrow adsorption/desorption hysteresis loop is 
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observed. The uptake within this region is attributed to the “pure liquid” behaviour of the 
adsorbed N2 molecules at liquid N2 temperature (77 K), and the presence of previously 
adsorbed multi-layers on the surface of the sample. These multi-layers essentially act as a 
barrier between additional N2 molecules and the internal surface of the material, such that 
the porous hierarchy of the sample does not influence uptake at these pressures. In other 
words, the uptake in this region of the isotherm is solely attributed to the filling of the voids 
in the centre of the pores with liquid N2. As this phenomenon is not observed for 
microporous samples, due to their inherently low pore volume, the presence of this feature 
provides further evidence towards the mesoporosity of ABS-1c. Moreover, although the 
data in this region suggests the presence of a hysteresis loop, the area enclosed by this loop 
is low. This indicates that capillary condensation is the likely origin of the delayed desorption 
of nitrogen molecules due to surface tension effects, rather than the presence of pores of 
irregular diameters i.e. the “ink-bottle effect”.31-32  
In contrast to the previous regions, the final section of the isotherm encompassing higher 
relative pressures (Figure 6.10, c)) corresponded to the complete saturation of the internal 
mesoporous hierarchy with nitrogen molecules, as suggested by the lack of nitrogen uptake; 
this was also indicative of the absence of inter-particular macroporosity. 
In addition to the adsorption/desorption isotherm, a number of physico-chemical 
parameters relating to the internal structure of ABS-1c were calculated from the gas 
sorption data, including the BET surface area and the pore volume and diameter, which 
were calculated using the DFT method. The values for these parameters are displayed in 
Table 6.3, along with those of nanoporous silicate materials prepared with structurally 




Table 6.3: Physico-chemical characteristics of ABS-1c and related nanoporous silicate 
materials.33-34 
Entry Material SDA SA(BET) (m2 g-1) Pore vol. (ml g-1) Pore diameter (nm) 
1 ABS-1c 1c  1115 1.23 4.3 (DFT) 
2 A-SiO2 TEC16OH 870 0.67 1.7 (BJH) 
3 MCM-41 CTAB 1132 0.95 2.6 (BJH) 
4 MCM-48 CTAB 1290 1.15 2.6 (BJH) 
 
The physico-chemical parameters of ABS-1c were consistent with the formation of a highly 
ordered mesoporous hierarchy (Table 6.3, Entry 1). In the first instance, the BET surface area 
of ABS-1c was comparable to those of mesoporous silicates of the M41S family synthesised 
using the conventional surfactant CTAB (Entries 3 and 4). The value was also consistent with 
the diffractogram of the sample (Figure 6.8, red), with both experiments suggesting the 
presence of a moderately high number of mesopores within the material. Additionally, the 
surface area of ABS-1c was marginally greater than that of A-SiO2, a super-microporous 
silicate synthesised with the structurally comparable bolaform surfactant TEC16OH (Table 
6.3, Entry 2). This result is consistent with the reduced pore dimensions of the latter, but 
may also originate from a greater number of pores in the case of the former. The pore 
volume and pore diameter of the ABS-1c sample were also characteristic of mesoporosity, 
with the diameter of 4.3 nm (Entry 1) in agreement with the d value (4.27 nm) calculated 
from the diffractogram of the sample (Figure 6.8), and significantly larger than those of the 
related mesoporous M41S and super-microporous A-SiO2 materials (Entries 3 and 4). 
Regarding the latter, it is noteworthy that the difference in pore diameters in Table 6.3 may 
be due to the nature of the models used (DFT vs BJH). Specifically, while the DFT method 
takes into account molecular interactions between the adsorbate and the surface of the 
sample, the BJH method does not, and is instead based on the Kelvin model of pore filling.30 





6.2.2 Electron Microscopy Studies 
 
In addition to the previously utilised characterisation techniques, examination of the ABS 
materials via electron microscopy was undertaken. Specifically, transmission electron 
microscopy (TEM) images of the materials were desired, as these would provide 
supplementary evidence towards the presence of the designated pore hierarchies and 
morphologies suggested by the previous studies. TEM imaging would also enable the pore 
dimensions to be estimated visually, and in the case of ABS-1c, comparison to the results of 
the N2 sorption study. Moreover, information regarding the size and morphology of the 
silicate particles could also be inferred. 
In contrast to the gas sorption study, all three of the newly synthesised ABS materials were 
assessed via TEM. This was primarily due to the nature of the technique and the associated 
sample preparation, which requires mounting of the sample on a slide via solvent 
deposition. Accordingly, crude samples of ABS-1a and ABS-1b, along with the calcined ABS-
1c sample were selected for imaging, with the former selected due to the high intensity of 
their reflection patterns (Figure 6.6, black, and Figure 6.7, black) being indicative of a greater 
degree of order within these samples. The ABS samples were analysed through collaboration 
with Otago Micro and Nanoscale Imaging (OMNI), with images recorded and processed by 
Richard Easingwood. 
TEM imaging of ABS-1a revealed that the sample consisted primarily of small amorphous 
particles with diameters < 100 nm, which did not contain a porous hierarchy. However, a 
number of larger amorphous particles with diameters of approximately 300—600 nm were 
also observed (Figure 6.11). These larger particles appeared to be composed of layered 
lamellar type channels (Figure 6.12), which was consistent with the lamellar structure 
indicated in the respective diffractogram (Figure 6.6, black). The channels were not confined 
to a certain direction, with both parallel and curved sections visible in the various layers of 
the amorphous particles. It is predicted that the absence of these channels in the smaller 
particles of ABS-1a may be a consequence of the partial removal of 1a during the 
preparation of the TEM sample, which is thought to have occurred during the prescribed 
sonication of the sample prior to analysis. This theory is consistent with the diffractograms 
of the crude and ultrasound treated samples of ABS-1a (Figure 6.6, black and blue), where 
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the change in the reflection pattern was attributed to the partial removal of 1a, resulting in 
partial collapse of the internal hierarchy.  
 
Figure 6.11: TEM image of amorphous particle of ABS-1a. Scale bar is 100 nm. 
 
Figure 6.12: Magnified TEM image of amorphous particle of ABS-1a from Figure 6.11. Brightness 
has been adjusted to enhance visibility of structural features. 
173 
 
Additionally, while the visual estimation of pore diameters from TEM images is speculative 
at best, the spacing of the channels is predicted to be approximately 4 nm. This implies that 
the material is composed of alternating layers of bolaform 1a and the silica network, and 
that the widths of the channels and the silica walls themselves are significantly less than this 
value. Although this approximation is at odds with the pore diameter calculated for the 
calcined sample of ABS-1c (Table 6.3, Entry 1), the aforementioned differences between the 
DFT and BJH models implies that the channel width of ASB-1a and the pore diameter of ABS-
1c may be more similar than the data suggests.  
Similarly to ABS-1a, ABS-1b consisted primarily of small amorphous particles with diameters 
< 100 nm, along with a smaller number of larger amorphous particles with diameters of 
approximately 300—600 nm (Figure 6.13). A very small number of micron scale particles 
were also observed (Figure 6.14), which appeared to be aggregates comprised of many of 
the larger amorphous particles either joined or closely connected. These are predicted to 
have formed due to Ostwald ripening, whereby the formation of larger aggregates results in 
a reduction of surface energy of the smaller particles.35-36 Lamellar type channels were 
observed in both the larger amorphous particles and the micron scale aggregates (Figures 
6.15 and 6.16), which was consistent with the lamellar structure indicated in the respective 
diffractogram (Figure 6.7, black). The channels themselves were similar in appearance to 
those of ABS-1a (Figure 6.12), and are also predicted to be of similar dimensions. 
Accordingly, the similarity of the TEM images, along with those of the respective 
diffractograms (Figures 6.6 and 6.7) and their response to the various template removal 
methods suggest that bolaforms 1a and 1b produce remarkably similar lamellar type porous 




Figure 6.13: TEM image of larger amorphous particles of ASB-1b. Scale bar is 100 nm. 
 




Figure 6.15: Magnified TEM image of larger amorphous particles of ASB-1b from Figure 6.13. 
Brightness has been adjusted to enhance visibility of structural features. 
 
Figure 6.16: Magnified TEM image of cluster of larger amorphous particles of ASB-1b from 




Similarly to ABS-1a and ABS-1b, the calcined sample of ABS-1c was composed of many small 
particles accompanied by a lower number of much larger particles. The smallest of these 
particles were spherical in nature, with diameters of approximately 100—250 nm (Figure 
6.17), while slightly larger particles of approximately 300—500 nm were also observed 
(Figure 6.18). The latter appeared to be comprised of a small number of the spherical 
particles either joined or closely connected. Interestingly, an internal structure was clearly 
visible in all cases (Figure 6.19), with the different layers of the particles housing what 
appear to be parallel channels with no curvature. The spacing of the channels was estimated 
at approximately 4-5 nm, which was consistent with the pore diameter obtained from the 
gas sorption study (Table 6.3, Entry 1). In addition to the smaller particles, some larger 
particles were also observed in the ABS-1c sample (Figure 6.20). However, despite being of 
comparable size to the amorphous particles of ABS-1a (Figure 6.11) and ABS-1b (Figure 
6.13), those of ABS-1c appeared to be aggregates comprised of many of the smaller 
spherical particles. These aggregates are predicted to have formed due to Ostwald ripening, 
similarly to the larger aggregates of ABS-1b (Figure 6.14). Altogether, the hierarchical nature 
of both the smaller and larger particles of ABS-1c supported the results of the P-XRD study 
(Figure 6.8, red), where the intensities of the reflections suggested a highly ordered 
material. 
 




Figure 6.18: TEM images of small aggregates of ABS-1c. Scale bar is 100 nm. 
 





Figure 6.20: TEM image of large aggregate of spherical particles of ABS-1c. Scale bar is 100 nm. 
 
6.3 Additional Studies 
 
Based on the results of the material characterisation studies, the use of amino bolaforms  
1a-c as SDAs in the standard templating procedure did not result in the formation of super-
microporous hierarchies as intended. In the case of 1a and 1b, the respective ABS silicates 
were determined to be lamellar in nature, with removal of the surfactant template resulting 
in collapse of the material. In contrast, a mesoporous silicate possessing ia3d cubic 
symmetry was synthesised when amino bolaform 1c was utilised as the SDA, the properties 
of which were comparable to those of MCM-48 type mesoporous silicates. 
Despite the differences between the ABS materials, a shared outcome between the 
syntheses was noted, namely the discrepancy between the micellar aggregate dimensions of 
bolaforms 1a-c (Chapter 4, Section 4.3.2) and the pore dimensions and morphologies of the 
respective silicates. This divergence was predicted to originate from the nature of the 
aqueous environments in which the amino bolaforms were studied, and the concentration 
at which they were present in these environments. In the first instance, the dimensions of 
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the amino bolaform micelles were determined via DLS, where stock solutions were prepared 
in ultra-pure water and filtered before analysis. This was undertaken in order to remove 
auxiliary chemical species which may have affected the aggregation dynamics of the 
monomers. As a result, it is predicted that monomer self-assembly in the DLS samples 
originates solely from electrostatic interactions between the head groups of the amino 
bolaforms and the head groups of adjacent monomers, as well as solvating water molecules. 
In contrast, the aqueous templating mixture contains a range of auxiliary chemical species, 
including inorganic silica precursors, sodium and hydroxide ions, as well as the organic 
components ammonia and acetic acid. As outlined earlier in this work (Chapter 1, Section 
1.3.3), the presence of auxiliary species can significantly affect the self-assembly behaviour 
of surfactant monomers, with their addition often resulting in alteration of the aggregate 
dimensions. Therefore, it is likely that the various auxiliary species in the templating mixture 
had a profound effect on the amino bolaforms micellar assemblies, the properties of which 
were subsequently transferred to the respective ABS materials. Due to the complex 
composition of the templating mixture, and hence the interactions between the species 
present, the correlation between the templating medium composition and amino bolaform 
self-assembly behaviour was not pursued, but may be explored in the future. 
The second factor which may be responsible for the divergence between the aggregate 
dimensions and the pore properties of the ABS materials is the concentration at which 1a-c 
were utilised. When analysed via DLS, samples of 1a-c were prepared at 1% w/w, 
corresponding to concentrations of 22.3-24.5 mmol L-1. These values represent surfactant 
concentrations approximately five times greater than the CMC of each surfactant, and were 
selected based on the results of preliminary testing of the DLS procedure (Chapter 4, Section 
4.3.1). In contrast, the concentration of 1a-c in the templating mixture was around one 
order of magnitude higher than those of the DLS samples, starting at 0.2 mol L-1 before 
initial pH adjustment and falling to approximately 0.18 mol L-1 after the final pH adjustment. 
As these values lie well outside the concentration range explored during development of the 
DLS procedure, it is plausible that the higher concentrations of 1a-c in the templating 
solutions may have significantly altered the self-assembly characteristics of the monomers 
or resulted in the formation of a different micellar phase altogether. In order to investigate, 
high concentration samples of 1a-c were analysed via the developed DLS procedure. Stock 
solutions were prepared at 0.2 mol L-1 to replicate the maximum concentration in the 
templating solution, before the initial pH adjustment. The DH(V) values and the associated 
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errors for these samples are displayed in Table 6.4, along with the previously obtained sizing 
data for 1a-c. 
Table 6.4: DH(V) values for solutions of amino bolaforms 1a-c, obtained via DLS. 
Entry Surfactant Number Concentration (mol L-1) DH(V) (nm) 
1 
TMC16NMe2 1a 
0.0245 1.20 ± 0.32 
2 0.2 1.30 ± 0.53 
3 
TMC16N-Morph 1b 
0.0222 0.96 ± 0.32 
4 0.2 1.41 ± 0.37 
5 
TMC16N-Pip 1c 
0.0223 1.54 ± 0.49 
6 0.2 2.43 ± 0.83 
 
In the case of bolaform 1a, both the DH(V) value and the associated error of the higher 
concentration sample (Table 6.4, Entry 2) were marginally greater than those of the low 
concentrations sample (Entry 1). This suggested that the aggregates of the former were of 
similar dimensions but less uniformly distributed than those of the latter. This outcome was 
also consistent with the overlaid volume distributions (Figure 6.21), where significant 
overlap is observed, despite the broader profile of the high concentration sample 
distribution. In the context of the templating study, this result indicates that the divergence 
between the aggregate dimensions of 1a and the hierarchy of ABS-1a likely originates from 
the interaction of monomers of 1a with other components in the aqueous templating 
mixture, rather than an increase in aggregate size at higher concentration. 
 
Figure 6.21: Overlaid volume distributions for amino bolaform 1a, obtained via DLS. 
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Similarly to bolaform 1a, an increase in concentration of bolaform 1b also resulted in an 
increased DH(V) value (Table 6.4, Entries 3 and 4). However, this was not accompanied by a 
significant increase in the associated error, which implies that there is a positive correlation 
between concentration and the aggregate dimensions of bolaform 1b, and that the 
distribution width is unaffected by concentration. The overlaid volume distributions support 
this conclusion (Figure 6.22), where the overlap of the similarly shaped distribution areas is 
not as prominent as with those of bolaform 1a (Figure 6.21), thus representing a clearer 
difference in aggregate dimensions. Additionally, this result suggests that the concentration 
of 1b may have a greater impact than 1a on the hierarchy of the resulting nanoporous 
silicate, but that interactions of the monomers with other components in the templating 
mixture remain the primary influence. 
 
Figure 6.22: Overlaid volume distributions for amino bolaform 1b, obtained via DLS. 
In contrast to bolaforms 1a and 1b, a substantial increase in both the DH(V) value and its 
associated error were observed when the concentration of bolaform 1c was increased 
(Table 6.4, Entries 5 and 6). The magnitude of this change is apparent when the volume 
distributions of the two samples are overlaid (Figure 6.23), where the lack of significant 
overlap highlights the dependence of the aggregate dimensions of 1c on the monomer 
concentration. Interestingly, this heightened response to increased concentration also 
suggests that the concentration of bolaform 1c in the templating mixture has a greater 
influence on the hierarchy of the resulting material than bolaforms 1a and 1b. It is 
speculated that this originates from the difference in tertiary amino ω head groups 
structures of the amino bolaforms. Despite this finding, the large disparity between the 
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estimated aggregate size of 1c at high concentration and the pore dimensions of ABS-1c 
(Table 6.3, entry 1) still implies that other interactions between components in the 
templating solution are the major determinant in the final structure of the silicate material. 
 




Altogether, three new nanoporous silicate materials ABS-1a, ABS-1b, and ABS-1c were 
successfully obtained utilising the corresponding amino bolaforms 1a-c as SDAs. These were 
synthesised using a standard templating procedure, which was first optimised with the 
conventional surfactant CTAB to synthesise high-quality MCM-41 type mesoporous silicates. 
The ABS materials were then obtained via substitution of CTAB with an equivalent amount 
of 1a-c. The resulting materials were analysed using standard materials characterisation 
techniques, where the results indicated that ABS-1a and ABS-1b possessed lamellar 
hierarchies, whereas ABS-1c contained a cubic pore morphology with cubic ia3d symmetry. 
The differences between the three materials also highlighted the correlation between the 
surfactant SDA and the material hierarchy, as minor variation in the tertiary amino ω head 
group structure of the amino bolaforms resulted in completely different pore dimensions 
and geometries. Despite this, none of the silicates possessed a network of highly ordered 
super-micropores as intended, which may have been due to underlying multi-component 
interactions within the reaction mixture and/or the unforeseen formation of aggregates 
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with drastically different dimensions. However, it is believed the formation of smaller pores 
may be achieved in future work wherein optimisation of the templating procedure or 
structural modification of the amino bolaform monomers will be explored. Additionally, 
although the recovery and re-use of the amino bolaform SDAs from the as-synthesised ABS 
materials could not be demonstrated, it is predicted that further exploration of non-
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The work presented in this thesis can be separated into three primary sections, the first being 
the synthesis and characterisation of a range of new asymmetric bolaform surfactants 
incorporating tertiary amine functionality (Figure 7.1). The syntheses of the surfactants is 
described in Chapter 2, where a synthetic route was developed and optimised. A total of nine 
new amino bolaform surfactants (1a-c, 2a-c, and 3a-c), as well as a number of shared 
asymmetric surfactant precursors (5b, 5c, 6a-c, and 7a-c), were successfully isolated and 
characterised via standard spectroscopic techniques. A novel 17-member cyclic quaternary 
ammonium surfactant (DMC16Cyclo, 16) was also isolated as a by-product during the 
purification of bolaform 2a, but could not be obtained in adequate quantities to enable full 
characterisation. 
 
Figure 7.1: Representative structure of amino bolaforms synthesised in this work. 
Chapters 3 to 5 of this thesis concern the surfactant and aggregation properties of the newly 
synthesised amino bolaform surfactants, the elucidation of which was vital for their intended 
use as SDAs in the synthesis of super-microporous silicate materials. All of the surfactants 
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displayed high water solubility at low concentration under ambient conditions, a marked 
improvement in practicability over the structurally related hydroxy and carboxy bolaform 
analogues. It was determined that the amino bolaforms formed micellar aggregates of 
comparable size to the analogous oxygen containing bolaforms, the dimensions of which were 
significantly lower than those of conventional quaternary ammonium bromide surfactants 
such as CTAB. The dimensions of the amino bolaform aggregates also appeared to be 
influenced by the chemical structure of both the tertiary amino ω head group and the 
quaternary ammonium bromide α head group, as well as the ionisation state of the former. 
The trial of a number of the amino bolaform surfactants as SDAs in the synthesis of 
nanoporous silicate materials is described in Chapter 6 of this thesis. This was undertaken via 
the development and verification of a standard templating method using the conventional 
surfactant CTAB as the SDA, and subsequent substitution of CTAB with amino bolaforms 
1a-c. Although three new silicates were synthesised in this manner (ABS-1a, ABS-1b, and ABS-
1c), assessment of the materials via a number of standard material characterisation 
techniques indicated that none possessed the desired stable super-microporous hierarchy, 
but were instead mesoporous in nature. 
Overall, the work conducted in this study represents a valuable contribution to the field of 
bolaform surfactants. Aspects which are particularly notable are the progress made regarding 
the elucidation of the structure/property relationship of the surfactants and their micellar 
aggregates, as well as the development of a robust synthetic route towards a wide range of 
asymmetric bolaform surfactant derivatives. Furthermore, although the synthesis of super-
microporous silicates using the amino bolaforms as templates was ultimately unsuccessful, 
the results of the studies highlight the potential of this class of surfactants in this particular 
application.  
Due to the preliminary nature of the work presented in this thesis, it is believed that the future 
investigation and expansion of certain aspects may be highly beneficial in terms of both 
asymmetric bolaform surfactants and their use as SDAs. Accordingly, a range of studies which 






7.2 Future Work 
 
7.2.1 Structural Variation of Amino Bolaform Surfactants 
 
Although a range of amino bolaform surfactants were successfully isolated over the course of 
this work, structural variation was restricted to small compositional changes of the quaternary 
ammonium α head group and tertiary amino ω head group structures. As presented in 
Chapters 3-5, this significantly limited variation of the surfactant and aggregation properties 
of the amino bolaforms, where only modest differences in these properties were observed. It 
is therefore of interest to investigate further structural modification of the amino bolaforms, 
as this may afford greater variation in their solution behaviour.  
The structural variants of immediate interest are the amine oxide equivalents of the amino 
bolaforms described in this work (Figure 7.2a). Conventional surfactants containing amine 
oxide groups comprise a notable subsection within the general class of zwitterionic 
monomers, with surfactants of this type typically possessing unique surfactant behaviours.1 
The incorporation of similar functionality in an asymmetric bolaform context is thus 
warranted, as the unique behaviours associated with these moieties may be observed, while 
the desirable properties of the original amino bolaforms may also be retained. It is predicted 
that the amine oxide bolaforms can be obtained utilising commonly available oxidising agents 
and standard purification methods. The synthesis of amino bolaform derivatives with varying 
hydrocarbon spacer lengths is also desired (Figure 7.2b), as these monomers may display 
diverse solution behaviours. In the case of conventional and gemini surfactants, this is one of 
the first structural features to be assessed, as the number of methylene units can be altered 
via the use of specific oleochemical or petrochemical starting materials. It is thought that a 
similar approach may be successful with the amino bolaforms, where various lactone starting 
materials could be utilised. This has already been demonstrated to some extent in the 
reductive alkylation procedure adopted for this work, where lactones of different ring sizes 
were successfully utilised.2 In addition, although the relationship between the tertiary amino 
ω head group structure and the solution behaviour of the amino bolaforms was explored in 
this work, the effect of degree of substitution was not investigated. Specifically, the synthesis 
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of derivatives containing primary and secondary amino ω head groups is of interest (Figure 
7.2 c and d), as these may possess significantly altered surfactant and aggregation properties. 
 
Figure 7.2: Synthetic variants of amino bolaform 1a to be pursued in future work. 
 
7.2.2 Response of Amino Bolaforms Towards Changes in Aqueous Environment 
 
In Chapters 3-6 of this thesis, the response of a number of the amino bolaform derivatives 
towards changes in the aqueous environment are described. However, the scope of these 
studies was narrow, and it is believed that further insight can be gained via expansion of these 
investigations. One of the factors which warrants future work is the effect of pH on the 
aggregation of the amino bolaforms, as it is predicted that the phase and morphology of the 
micellar aggregates can be controlled dynamically via protonation/deprotonation of the 
tertiary amino ω head group, in a similar manner to conventional pH responsive surfactant 
systems. Additionally, studies regarding the interaction of auxiliary chemical species with the 
monomers, and thus their effect on the self-assembly of the amino bolaforms, are also of 
interest. The results of such studies may enable optimisation of the templating procedure 
described in Chapter 6, potentially enabling the synthesis of nanoporous silicate materials 





7.2.3 Surface Chemistry of Amino Bolaforms 
 
As described in Chapter 1 of this thesis, surfactants are a class of organic molecules most 
notable for their unique behaviour in solution and at phase boundaries. For conventional 
surfactants, both of these aspects have been thoroughly investigated. However, this is not the 
case with bolaform surfactants, with studies of these compounds weighted towards the self-
assembly characteristics of the monomers.3-6 This is reflected in Chapters 3-5 of this work, 
which focus solely on the solution properties of the amino bolaform surfactants. It is therefore 
of interest to assess the interfacial properties of the amino bolaforms synthesised in this work, 
as they may display unique interfacial behaviour which is distinct from their conventional 
surfactant counterparts. 
 
7.2.4 Synthesis of Super-microporous Materials 
 
As outlined in Chapter 6, preliminary investigations regarding the use of the amino bolaforms 
as SDAs in the synthesis of nanoporous silicates ultimately did not yield super-microporous 
materials as intended. However, it is believed that this can be achieved through optimisation 
of the templating procedure and its components, based on the results of more comprehensive 
investigations. Specifically, the trial of amino bolaforms 1a-c at lower concentrations than the 
original procedure is warranted, as it is predicted that this may induce formation of 
appropriately sized micellar aggregates for the formation of super-micropores. Future studies 
exploring the interactions of auxiliary species in the templating solution with the amino 
bolaform aggregates may also prove valuable in this regard. Additionally, the trial of a wider 
range of amino bolaform monomers as templates may yet yield the desired super-
microporous hierarchies, due to the relationship between monomer structure and the 
dimensions of the resulting micellar aggregates. In the broader context of nanoporous 
materials, super-microporous silicates may yet be obtained through the use of an alternative 
silica source such as tetraethylorthosilicate (TEOS), or via the use of the amino bolaforms in 
an acid catalysed templating procedure. 
With regard to the particle distribution of the ABS materials synthesised in this work, a 
number of experiments have been identified as potentially beneficial towards the control of 
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their shape and size. Specifically, it is believed that the formation of large aggregates of 
smaller discrete particles of ABS-1b and ABS-1c through Ostwald ripening may be prevented 
via modification of the templating procedure. A time course experiment would be suitable for 
this purpose, whereby aliquots of the templating solution are removed at select times during 
the condensation of the silica network (i.e. during the pH adjustment or hydrothermal 
treatment stages of the procedure). Each of the samples would then be analysed via TEM, 
which would indicate if a correlation between condensation time and particle size exists. 
Analysis of these samples via SEM may also be valuable, while this technique may also prove 
useful when used to assess the silicate materials presented in Chapter 6. In terms of the ABS 
samples, greater understanding of the particle size distribution may be gained, while the 
technique may also be used to elucidate the origin of the low intensity reflections of the MCM-
41 sample obtained using the developed templating procedure at half of the original scale 
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Chapter 8: Experimental 
 
8.1 General Methods 
 
All commercially obtained reactants and reagents were used as received. All solvents used 
(THF, MeOH, DCM, Et2O, EtOAc, acetone, and EtOH) were of LR grade unless otherwise 
noted; solvents listed as “dry” were dried using a Pure-Solv MD-6 solvent purification 
system. Procedures requiring “inert atmosphere” were performed with either argon or 
nitrogen using standard Schlenk line techniques. Solvents were removed under “reduced 
pressure” by rotary evaporation.  
1H-NMR spectra were recorded in 5 mm diameter tubes at 25 °C at 400 MHz on a Varian 
400-MR spectrometer. Signals are reported in ppm relative to tetramethylsilane (TMS). All 
chemical shifts have an uncertainty of ± 0.1 ppm, with coupling constants (J) rounded to the 
nearest 0.1 Hz. Multiplicities are reported by the convention s (singlet), d (doublet), dd 
(double doublet), t (triplet), q (quartet), qn (quintet), and m (multiplet). Resonances are 
presented according to the convention: chemical shift (number of protons, multiplicity, 
coupling constant(s), and assignment). 1H-COSY and 1H-DOSY spectra were also recorded 
under these parameters. 13C-NMR spectra were recorded in 5 mm diameter tubes at 25 °C at 
100 MHz on a Varian 400-MR spectrometer. Signals are reported in ppm relative to TMS. 
Resonances are presented according to the convention: chemical shift, assignment. IR 
spectra were recorded on a Bruker α-p ATR-IR spectrometer using OPUS 6.5 software; peaks 
are reported using the notation s (strong), m (medium), and w (weak). Elemental analyses 
were recorded on a Carlo Erba 1108 CHNS combustion analyser at the Campbell 
Microanalytical Laboratory, University of Otago, Dunedin, with an uncertainty of ±0.3%. 
Electrospray ionisation mass spectra (ESI-MS) were recorded on a Bruker MicrOTOF-Q mass 








Diisobutylaluminium hydride (DIBAL-H), 1.0 M in toluene/hexane, Aldrich; dimethylamine 
hydrochloride, 99%, Merck; morpholine, AR grade, Ajax Finechem; piperidine, 99% Reagent 
Plus®, Sigma-Aldrich; 16-hexadecanolide, 98%, Sigma-Aldrich; lithium aluminium hydride, 
powder, reagent grade, 95%, Sigma; hydrobromic acid, 33 wt. % in glacial acetic acid, Acros 
Organics; trimethylamine, 31-33 wt. % in EtOH, 4.2M, Sigma-Aldrich; triethylamine, 99%, 
Unilab; pyridine, L.R. grade; basic alumina, Brockmann I, 50-200 µm mesh, 60 Å, Acros 
Organics; cetyltrimethylammonium bromide, GR for analysis, Merck; LUDOX® HS-40 
colloidal silica, 40 wt. % suspension in H2O, Aldrich; ammonia, A.R. grade, 28-30% in H2O, 
Ajax Finechem; hydrobromic acid, 48%, A.R. grade, Ajax Finechem; silica gel 60 plate, 0.20 
mm aluminium backed, Macherey-Nagel; silica gel, 200-400 mesh. 
 
8.3 Synthetic Methods 
 
8.3.1 General Method for Synthesis of 16-Hydroxyhexadecylamide Precursors 5a-c 
 
Modified from Huang et al.1 
 
16-hydroxyhexadecylamide precursors 5a-c were prepared via the general procedure: 
Under an inert atmosphere, DIBAL-H (1 M, 20 mL, 20 mmol) was added dropwise to a stirred 
solution of secondary amine (20 or 40 mmol) at 0 °C. The solution was brought to room 
temperature and stirred for 3 h. This solution was then added to a stirred solution of 16-
hexadecanolide (2.54 g, 10 mmol) in dry THF (20 mL) at room temperature under inert 
atmosphere. The solution was then heated at 40 °C with stirring for 48 h or until completion, 
with the progress of the reaction monitored by thin layer chromatography (TLC). The 
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solution was then cooled to 0 °C and quenched via dropwise addition of MeOH. The 
resulting emulsion was destabilised via addition of saturated sodium potassium tartrate 
solution and vigorous stirring. The mixture was then extracted with DCM (2 x 100 mL), and 
the combined organic extracts washed consecutively with 1M NaOH solution, water, and 
dilute NaBr solution (50 mL each). The organic extracts were then dried with MgSO4 and the 
solvent removed at reduced pressure to obtain the crude product as a white/yellow semi-
crystalline solid. Subsequent recrystallisation in ethyl acetate afforded the product as a 
white powder or a crystalline white solid. Preparations are reported according to the 





Dimethylamine hydrochloride (1.63 g, 20 mmol), 89 %, crystalline white powder. 1H NMR: 
(400 MHz, CDCl3): δH 3.63 (2H, t, J = 6.6 Hz, -CH2-OH), 2.97 (6H, s, CH3-N-), 2.30 (2H, t, J = 7.7 
Hz, -CH2-CO-N-(CH3)2), 1.67-1.46 (6H, m, HDO, -CH2-CH2-OH, -CH2-CH2-CO-N-(CH3)2), 1.39-
1.20 (24H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): δC 173.27, 63.06, 37.28, 35.33, 33.43, 
32.80, 29.58, 29.56, 29.53, 29.51, 29.48, 29.44, 29.40, 25.72, 25.18. IR: νmax (cm-1): 3311 (w), 
2916 (m), 2849 (m), 1611 (s), 1510 (w), 1464 (w), 1393 (m). Microanalysis (C18H37NO2) Calc: 












Morpholine (3.46 mL, 40 mmol), 83%, crystalline white powder. 1H NMR: (400 MHz, CDCl3): 
δH 3.69-3.58 (8H, m, -CH2-O-CH2-, -CO-N-CH2-, -CH2-OH), 3.46 (2H, t,  J = 4.8 Hz, -CO-N-CH2-), 
2.30 (2H, t, J = 7.7 Hz, -CH2-CO-N-), 1.74-1.52 (5H, m, HDO, -CH2-CH2-OH, -CH2-CH2-CO-N-), 
1.39-1.21 (24H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): δC 171.89, 66.95, 66.68, 63.07, 46.04, 
41.84, 33.13, 32.80, 29.58, 29.56, 29.54, 29.46, 29.40, 25.71, 25.25. IR: νmax (cm-1): 3435 (w), 
3337 (m, b), 2915 (s), 2851 (s), 1603 (s), 1473 (s), 1436 (m), 1111 (s). Microanalysis 
(C20H39NO3) Calc: C: 70.33 H: 11.51 N: 4.10 Found: C: 70.23 H: 11.35 N: 4.20. MS (ESI): m/z = 





Piperidine (4.25 mL, 40 mmol), 68%, white powder. 1H NMR: (400 MHz, CDCl3): δH 3.61 (2H, 
t, J = 6.6 Hz, -CH2-OH), 3.45 (4H, m (broad), -(CH2)15-CO-N-(CH2)2-), 2.30 (2H, t, J = 7.8 Hz, -
CH2-CH2-CON-), 1.67-1.45 (10H, m, HDO, -CO-N-(CH2)2-(CH2)2-CH2, -CO-N-(CH2)2-(CH2)2-CH2-, -
CH2-CH2-OH, -CH2-CH2-CO-N-(CH2)2-(CH2)2-CH2-), 1.38-1.16 (24H, m, -CH2-). 13C NMR: (100 
MHz, CDCl3): δC 171.52 (C=O), 63.08 (CH2-OH), 46.71, 42.57, 33.51, 32.80 (CH2-CH2-OH), 
29.58, 29.57, 29.56, 29.54, 29.48, 29.43, 29.40, 26.57, 25.71, 25.58, 25.50, 24.59. IR: νmax 
(cm-1): 3446 (w), 2924 (m), 2849 (m), 1616 (s), 1472 (m), 1419 (w). Microanalysis 
(C21H41NO2) Calc: C: 74.28 H: 12.17 N: 4.13 Found: C: 74.05 H: 12.21 N: 4.13. MS (ESI): m/z = 
362.300 Calc: 362.303 [C21H41NO2Na]+. 
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8.3.2 General Method for Synthesis of 16-Hydroxyhexadecyl-1-amine Precursors 
6a-c 
 
Modified from Gioia et al.2  
 
16-hydroxyhexadecylamine precursors 6a-c were prepared via the general procedure: 
Under an inert atmosphere, lithium aluminium hydride (LAH) (3 eq.) was slowly added to a 
stirred solution of the corresponding amide precursor 5a-c in Et2O at 0 °C. The mixture was 
brought to room temperature and stirred for 3 h. The reaction was cooled to 0 °C then 
quenched via dropwise addition of ice cold water, 1M NaOH solution, and water (all 2 mL 
per gram of LAH). The resulting emulsion was destabilised via addition of excess water and 
NaOH solution. The mixture was then extracted with DCM (2 x 100 mL), and the combined 
organic fractions washed with dilute NaBr solution and dried with MgSO4. Removal of the 
solvent at reduced pressure afforded the corresponding product as a fine crystalline 
powder. Where required, recrystallisation in EtOAc afforded 6a-c as a crystalline powder. 
Preparations are reported according to the convention: 16-hydroxyhexadecylamide 





N,N-Dimethyl-16-hydroxyhexadecylamide 5a (2.44 g, 9.15 mmol), 92%. 1H NMR: (400 MHz, 
CDCl3): δH 3.63 (2H, t, J = 6.7 Hz, -CH2-OH), 2.31 (2H, t, J = 7.7 Hz, -CH2-N-(CH3)2), 2.20 (6H, s, -
CH2-N-(CH3)2), 1.63-1.42 (4H, m, -CH2-CH2-OH, -CH2-CH2-N-(CH3)2), 1.39-1.19 (24H, m, -CH2-). 
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13C NMR: (100 MHz, CDCl3): δC 63.04, 59.98, 45.51, 32.82, 29.60, 29.58, 29.57, 29.56, 29.51, 
29.41, 29.40, 27.78, 27.51, 25.72. IR: νmax (cm-1): 3151 (w, b), 2911 (s), 2848 (s), 2780 (m), 
1471 (m), 1077 (m). Microanalysis (C18H39NO) Calc: C: 75.72 H: 13.77 N: 4.91 Found: C: 75.56 





N-Morpholino-16-hydroxyhexaydecylamide 5b (3.04 g, 8.92 mmol), 86%. 1H NMR: (400 
MHz, CDCl3): δH 3.71 (4H, t, J = 4.7 Hz, -CH2-O-CH2-), 3.63 (2H, t, J = 6.6 Hz, -CH2-OH), 2.42 
(4H, t (broad), -N-(CH2)2-), 2.31 (2H, t, J = 7.6 Hz, -CH2-N-(CH2)2-), 1.63-1.42 (5H, m, HDO, -
CH2-CH2-OH, -CH2-CH2-N-(CH2)2-), 1.39-1.17 (24H, -CH2-). 13C NMR: (100 MHz, CDCl3): δC 
66.99, 63.05, 59.26, 53.80, 32.80, 29.61, 29.60, 29.57, 29.54, 29.40, 27.51, 26.55, 25.72. IR: 
νmax (cm-1): 3140 (w, b), 2911 (s), 2849 (s), 2815 (w), 2782 (w), 1472 (m), 1077 (m). 
Microanalysis (C20H41NO2) Calc: C: 73.34 H: 12.62 N: 4.28 Found: C: 73.33 H: 12.91 N: 3.98. 





N-Piperidino-16-hydroxyhexadecylamide 5c (2.53 g, 7.46 mmol), 80%. 1H NMR: (400 MHz, 
CDCl3): δH 3.63 (2H, t, J = 6.6 Hz, -CH2-OH), 2.35 (4H, s (broad), N-(CH2)2-), 2.26 (2H, t, J = 7.9 
Hz, -CH2-N-(CH2)2-), 1.63-1.38 (9H, m, HDO, -CH2-N-(CH2)2-(CH2)2-CH2, -CO-N-(CH2)2-(CH2)2-
CH2-, -CH2-CH2-OH, -CH2-CH2-CO-N-(CH2)2-(CH2)2-CH2-), 1.38-1.21 (24H, m, -CH2-). 13C NMR: 
(100 MHz, CDCl3): δC 62.97, 59.73, 54.66, 32.82, 29.59, 29.58, 29.56, 29.54, 29.51, 29.40, 
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27.78, 26.93, 25.97, 25.73, 24.50. IR: νmax (cm-1): 3137 (w, broad) 2911 (s), 2849 (s), 2815 
(w), 2782 (w), 1776 (w), 1472 (m). Microanalysis (C21H43NO) Calc: C: 77.47 H: 13.31 N: 4.30 
Found: C: 77.25 H: 13.54 N: 4.15. MS (ESI): m/z = 326.341 Calc: 326.342 [C21H44NO]+. 
 
8.3.3 General Method for Synthesis of 16-Bromohexadecyl-1-ammonium Bromide 
Precursors 7a-c 
 
Modified from Ortega, Davey3-4 
 
 
16-bromohexadecyl-1-ammonium bromide precursors 7a-c were prepared via the general 
procedure: 
The corresponding 16-hydroxyhexadecylamine precursor 6a-c and HBr solution (30% in 
acetic acid, 1.5 mL/mmol amine) were heated at 60 °C for 3 days, after which the reaction 
was quenched at room temperature with a large excess of water. The resulting mixture was 
then extracted with DCM (2 x 75 mL), and the combined organic extracts washed with water 
and dilute NaBr solution (50 mL each). The combined extracts were dried with MgSO4, and 
the solvent removed at reduced pressure to obtain the crude product as a beige/brown 
solid. The crude was then dissolved in EtOH and activated carbon added. The mixture was 
stirred for 48-72 h, and the activated carbon removed via vacuum filtration through a Celite 
bed. Removal of the solvent and subsequent recrystallisation in acetone or EtOAc afforded 
the corresponding product 7a-c as a crystalline white powder. Preparations are reported 






N,N-Dimethyl-16-bromohexadecyl-1-ammonium bromide 7a 
 
 
N,N-Dimethyl-16-hydroxyhexadecyl-1-amine 6a (1.99 g, 6.98 mmol), 86%, 1H NMR: (400 
MHz, CDCl3): δH 3.40 (2H, t, J = 7.0 Hz, -CH2-Br), 3.02-2.89 (2H, m, -CH2-N+-(CH3)2), 2.78 (6H, 
d, J = 4.8 Hz, -N+-(CH3)2), 1.85 (4H, qn, J = 6.6, 7.2 Hz, -CH2-CH2-Br, -CH2-CH2-N+-(CH3)2), 1.47-
1.22 (24H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): 58.03, 42.72, 34.08, 32.82, 29.59, 29.58, 
29.57, 29.51, 29.43, 29.40, 29.31, 28.98, 28.74, 28.15, 26.64, 24.15. IR: νmax (cm-1): 2917 (s), 
2849 (s), 2609 (w), 2584 (w), 2520 (w), 2484 (w), 1462 (m). Microanalysis (C18H39NBr2) Calc: 
C: 50.36 H: 9.16 N: 3.26 Br: 37.22 Found: C: 50.51 H: 9.40 N: 3.32 Br: 37.37. MS (ESI): m/z = 
348.226, 350.224 Calc: 348.227, 350.225 [C18H39NBr]+. 
 
N-Morpholino-16-bromohexadecyl-1-ammonium bromide 7b 
 
 
N-Morpholino-16-hydroxyhexadecyl-1-amine 6b (2.52 g, 7.7 mmol), 81%. 1H NMR: (400 
MHz, CDCl3): δH 4.36 (2H, t, J = 12.6 Hz, -(CH2)2-(CH2)2-O-), 3.98 (2H, dd, J = 13.0, 3.3 Hz, -N+-
CH2-CH2-O-), 3.48 (2H, d(b), J = 12.1 Hz, -CH2-O-CH2-), 3.39 (2H, t, J = 6.9 Hz, -CH2-Br), 3.10-
2.75 (4H, m, -CH2-N+-(CH2)2-), 1.92-1.80 (4H, m, -CH2-CH2-Br, -CH2-CH2-N+-(CH2)2-), 1.49-1.17 
(24H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): 63.52, 58.08, 51.77, 34.09, 32.81, 29.58, 29.57, 
29.51, 29.42, 29.40, 29.32, 28.96, 28.74, 28.15, 26.73, 23.11. IR: νmax (cm-1): 2919 (s), 2849 
(s), 2533 (w), 2458 (w), 1461 (m), 1111 (m). Microanalysis (C20H41NOBr2) Calc: C: 50.96 H: 
8.77 N: 2.97 Br: 33.90 Found: C: 50.83 H: 9.07 N: 2.80 Br: 33.86. MS (ESI): m/z = 390.239, 





N-Piperidino-16-bromohexadecyl-1-ammonium bromide 7c 
 
 
N-Piperidino-16-hydroxyhexadecyl-1-amine 6c (1.50 g, 4.61 mmol), 81%. 1H NMR: (400 MHz, 
CDCl3): δH 3.51 (2H, d, J = 11.9 Hz, -(CH2)16-N+-CH2-), 3.40 (2H, t, J = 6.8 Hz, -CH2-Br), 2.95-2.81 
(2H, m, -(CH2)15-CH2-N+-(CH2)2-), 2.58 (2H, dd, J = 11.2 Hz, -(CH2)16-NH+-CH2-), 2.32 (2H, dd, J = 
13.2 Hz, -(CH2)16-NH+-CH2-CH2-), 2.00-1.72 (6H, m, -CH2-CH2-Br, -CH2-CH2-N+-(CH2)2-, -N+-
(CH2)2-(CH2)2-CH2), 1.47-1.15 (24H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): δC 57.54, 53.06, 
34.09, 32.81, 29.58, 29.56, 29.50, 29.44, 29.40, 29.34, 28.99, 28.86, 28.74, 28.15, 26.88, 
26.86, 23.41, 22.48, 22.17. IR: νmax (cm-1): 2917 (s), 2849 (s), 2620 (w), 2515 (w), 1462 (m). 
Microanalysis (C21H43NBr2) Calc: C: 53.74 H: 9.23 N: 2.98 Br: 34.05 Found: C: 53.74 H: 9.23 N: 
2.95 Br: 34.20. MS (ESI): m/z = 388.260, 390.258 Calc: 388.258, 390.256 [C21H43NBr]+. 
 
8.3.4 General Method for Synthesis of 16-Amino-N,N,N-trimethylhexadecyl-1-
ammonium Bromide Surfactants 1a-c 
 
Modified from Holder et al.5 
 
 
16-Amino-N,N,N-trimethylhexadecyl-1-ammonium bromide surfactants 1a-c were prepared 
via the general procedure: 
The corresponding 16-bromohexadecyl-1-ammonium bromide precursor 7a-c, 
trimethylamine in EtOH solution (4.2 M, 10 mol eq.), and EtOH were heated at 80 °C in a 
sealed tube for 4 days with stirring. The mixture was cooled to room temperature, and the 
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solvent removed under reduced pressure to obtain the crude HBr salt as a cream/brown 
solid. The crude was then dissolved in EtOH and activated carbon added. The mixture was 
stirred for 24 h, and the activated carbon removed via vacuum filtration through a Celite 
bed. The solvent was removed under reduced pressure to obtain a yellow/white residue. 
The free base form of the product was then obtained via dissolving this residue in a 10% 
MeOH/DCM and vacuum filtration of the mixture through a basic alumina plug (Brockman’s 
ACT I). The solvent was removed at reduced pressure, and recrystallisation in the 
appropriate solvent afforded the product as a crystalline or powdery white solid. 
Preparations are reported according to the convention: 16-bromohexadecyl-1-ammonium 
bromide precursor, recrystallisation solvent, product appearance, % yield, and experimental 
data. 
 
16-N,N-Dimethylamino-N,N,N-trimethylhexadecyl-1-ammonium bromide 1a 
 
 
N,N-dimethyl-16-bromohexadecyl-1-ammonium bromide 7a (2.66 g, 6.20 mmol), 
acetonitrile, white powder, 80%. 1H NMR: (400 MHz, CDCl3): δH 3.60-3.53 (2H, m, -CH2-N+-
(CH3)3), 3.47 (9H, s, -CH2-N+-(CH3)3), 2.27-2.15 (8H, m, -CH2-N-(CH3)2), 1.74 (2H, q (broad), -
CH2-CH2-N+-(CH3)3), 1.49-1.20 (26H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): δC 67.10, 59.97, 
53.36, 45.52, 29.63, 29.62, 29.60, 29.59, 29.41, 29.32, 29.19, 27.79, 27.50, 26.14, 23.18. IR: 
νmax (cm-1): 3448 (w), 2913 (s), 2847 (s), 2768 (w), 1483 (m), 1464 (m). Microanalysis 
(C21H47N2Br) Calc: C: 61.89 H: 11.62 N: 6.87 Br: 19.61 Found: C: 62.19 H: 11.52 N: 7.07 Br: 







16-Morpholino-N,N,N-trimethylhexadecyl-1-ammonium bromide 1b 
 
 
N-Morpholino-16-bromohexadecyl-1-ammonium bromide 7b (1.67 g, 3.54 mmol), acetone, 
crystalline white powder, 87%. 1H NMR: (400 MHz, CDCl3): δH 3.71 (4H, t, J = 4.7 Hz, -N-
(CH2)2-(CH2)2-O), 3.57 (2H, m, -CH2-N+-(CH3)3), 3.47 (9H, s, -CH2-N+-(CH3)3), 2.42 (4H, t 
(broad), -N-(CH2)2-(CH2)2-O), 2.31 (2H, t, J = 7.8 Hz, -CH2-N-(CH2)2-(CH2)2-O), 1.83-1.63 (4H, m, 
-CH2-CH2-N+-(CH3)3, -CH2-CH2-N-(CH2)2-(CH2)2-O), 1.54-1.19 (24H, m, -CH2-). 13C NMR: (100 
MHz, CDCl3): δC 67.01, 59.25, 53.80, 53.34, 29.64, 29.60, 29.56, 29.41, 29.32, 29.19, 27.51, 
26.56, 29.15, 23.19. IR: νmax (cm-1): 3545 (w, b), 3373 (w, b), 2913 (s), 2848 (s), 1471 (m), 
1114 (s). Microanalysis: (C23H49N2OBr) Calc: C: 61.45 H: 10.99 N: 6.23 Br: 17.77 Found: C: 
59.24 H: 11.24 N: 5.76 Br: 17.94. MS (ESI): m/z = 369.385 Calc: 369.384 [MS (C23H49N2O]+, 
185.198 Calc: 185.196 [C23H50N2O]2+ ([M2+]/2). 
 
16-Piperidino-N,N,N-trimethylhexadecyl-1-ammonium bromide 1c 
 
 
N-Piperidino-16-bromohexadecyl-1-ammonium bromide 7c (1.84 g, 3.92 mmol), acetone, 
white powder, 78%. 1H NMR: (400 MHz, CDCl3): δH 3.62-3.54 (2H, m, -CH2-N+-(CH3)3), 3.46 
(9H, s, -CH2-N+-(CH3)3), 2.58 (4H, m (broad), -CH2-N-(CH2)2-), 2.45 (2H, t, J = 8.0 Hz, -CH2-N-
(CH2)2-), 1.81-1.16 (34H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): δC 67.13, 59.68, 54.63, 53.35, 
29.63, 29.62, 29.60, 29.59, 29.57, 29.53, 29.40, 29.3, 29.17, 27.76, 26.91, 26.15, 25.94, 
24.47, 23.19. IR: νmax (cm-1): 3406 (w, b), 2917 (s), 2848 (s), 1488 (w), 1466 (w), 1441 (w). 
Microanalysis: (C24H51N2Br) Calc: C: 64.40 H: 11.48 N: 6.26 Br: 17.85 Found: C: 63.57 H: 
206 
 
11.85 N: 6.26 Br: 17.92. MS (ESI): m/z = 367.403 Calc: 367.405 [C24H51N2]+, 184.208 Calc: 
184.207 [C24H52N2]2+ ([M2+]/2). 
 
8.3.5 General Method for Synthesis of 16-Amino-N,N,N-triethylhexadecyl-1-
ammonium Bromide Surfactants 2a-c 
 
Modified from Holder et al.5 
 
 
16-Amino-N,N,N-triethylhexadecyl-1-ammonium bromide surfactants 2a-c were prepared 
via the general procedure: 
The corresponding 16-bromohexadecyl-1-ammonium bromide precursor 7a-c, triethylamine 
(10 mol eq.), and EtOH were heated at 80 °C in a sealed tube for 4 days with stirring. The 
mixture was cooled to room temperature, and the solvent removed under reduced pressure 
to obtain the crude as a cream/brown solid. The crude was then dissolved in EtOH and 
activated carbon added. The mixture was stirred for 24 h, and the activated carbon removed 
via vacuum filtration through a Celite bed. The solvent was removed under reduced 
pressure to obtain a yellow/white material. Where required, the product was isolated via 
flash column chromatography, eluting with 5% MeOH/DCM and 10% MeOH/DCM. The 
fractions containing the product were combined and the solvent removed at reduced 
pressure to obtain a yellow oily material. The free base form of the product was then 
obtained via dissolving this material in 10% MeOH/DCM and filtration through a basic 
alumina plug under vacuum (Brockman’s ACT I). The solvent was removed at reduced 
pressure, and recrystallisation in the appropriate solvent afforded the product as a white 
powder or an oily solid. Preparations are reported according to the convention: 16-
bromohexadecyl-1-ammonium bromide precursor, recrystallisation solvent, product 
appearance, % yield, and experimental data. 
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16-N,N-Dimethylamino-N,N,N-triethylhexadecyl-1-ammonium bromide 2a 
 
 
N,N-Dimethyl-16-bromohexadecyl-1-ammonium bromide 7a (2.00 g, 4.66 mmol), ethyl 
acetate, white powder, 14%. 1H NMR: (400 MHz, D2O): δH 3.13 (6H, q, J = 7.3, Hz, -N+-(CH2)3-
(CH3)3, 3.00 (2H, m, CH2-N+-(CH2)3-), 2.36 (2H, t, J = 7.8 Hz, -CH2-N-(CH3)2, 2.20 (6H, s, -CH2-N-
(CH3)2, 1.53 (2H, q (broad), -CH2-CH2-N+-(CH2)3-), 1.37 (2H, q (broad), -CH2-CH2-N-(CH3)2, 
1.28- 1.08 (33H, -CH2-, -N+-(CH2)3-(CH3)3). 13C NMR: (100 MHz, CDCl3): δC 59.08, 56.38, 52.5, 
44.07, 29.58, 29.53, 29.37, 29.22, 28.77, 27.36, 26.51, 25.93, 21.12, 6.67. IR: νmax (cm-1): 
3413 (m, b), 2914 (s), 2849 (s), 1644 (w, b), 1488 (m), 1470 (s), 1383 (w), 1164 (m). 
Microanalysis: (C24H53N2Br.5H2O) Calc: C: 53.41 H: 11.77 N: 5.19 Br: 14.81 Found: C: 54.14 H: 
11.59 N: 5.14 Br: 16.59. MS (ESI): m/z = 369.418 Calc: 369.421 [C24H53N2]+, 185.215 Calc: 
185.214 [C24H54N2]2+ ([M2+]/2). 
 
16-Morpholino-N,N,N-triethylhexadecyl-1-ammonium bromide 2b 
 
 
N-Morpholino-16-bromohexadecyl-1-ammonium bromide 7b (0.70 g, 1.49 mmol), acetone, 
white powder, 31%. 1H NMR: (400 MHz, CDCl3): δH 3.71 (4H, t, J = 4.6 Hz, -N-(CH2)2-(CH2)2-O), 
3.51 (6H, q, J = 7.3 Hz, -N+-(CH2)3-(CH3)3), 3.25 (2H, m, -CH2-N+-(CH2)3-(CH3)3), 2.43 (4H, t 
(broad), -N-(CH2)2-(CH2)2-O), 2.31 (2H, t, J = 7.8 Hz, -CH2-N-(CH2)2-(CH2)2-O), 1.68 (2H, qn 
(broad), -CH2-CH2-N+-(CH2)3-), 1.47 (2H, qn (broad), -CH2-CH2-N-(CH2)2-), 1.38 (9H, t, J = 7.3 
Hz, -N+-(CH2)3-(CH3)3), 1.31-1.19 (24H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): δC 66.89, 59.20, 
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57.60, 53.73, 53.59, 29.62, 29.59, 29.58, 29.54, 29.53, 29.42, 29.37, 29.14, 27.48, 26.45, 
22.10, 8.13. IR: νmax (cm-1): 2916 (s), 2850 (s), 1469 (m), 1401 (s), 1116 (s). Microanalysis: 
(C26H55N2BrO) Calc: C: 63.52 H: 11.28 N: 5.70 Br: 16.25 Found: C: 63.65 H: 11.47 N: 5.59 Br: 
16.16. MS (ESI): m/z 411.432 Calc: 411.431 [C26H55N2O]+, 206.220 Calc: 206.220 
[C26H56N2O]2+ ([M2+]/2). 
 






N-piperidino-16-bromohexadecyl-1-ammonium bromide 7c (0.87 g, 1.86 mmol), acetone, 
white powder, 25%. 1H NMR: (400 MHz, CDCl3) δH 3.49 (6H, q, J = 7.3 Hz, -N+-(CH2)3-(CH3)3), 
3.24 (2H, m, -CH2-N+-(CH2)3-(CH3)3), 2.34 (4H, t (broad), -N-(CH2)2-(CH2)2-CH2), 2.24 (2H, t, J = 
8.0 Hz, -CH2-N-(CH2)2-(CH2)2-CH2), 1.66 (2H, qn (broad), -CH2-CH2-N+-(CH2)3-), 1.55 (4H, qn, J = 
5.6 Hz, -CH2-N-(CH2)2-(CH2)2-CH2), 1.50-1.17 (33H, m, -N+-(CH2)3-(CH3)3, -CH2-). 13C NMR: (100 
MHz, CDCl3): δC 59.62, 57.55, 54.58, 53.57, 29.61, 29.60, 29.57, 29.55, 29.53, 29.40, 29.36, 
29.12, 27.72, 26.85, 26.45, 25.88, 24.40, 22.08, 8.12. IR: νmax (cm-1): 3381 (m, b), 2915 (s), 
2849 (s), 1470 (m), 1398 (w), 1104 (w). Microanalysis: (C27H57N2Br) Calc: C: 66.23 H: 11.73 N: 
5.72 Br: 16.32 Found: C: 65.88 H: 12.37 N: 5.63 Br: 16.19. MS (ESI): m/z = 409.451 Calc: 








8.3.6 General Method for Synthesis of 16-Amino-hexadecyl-1-pyridinium Bromide 
Surfactants 3a-3c 
 
Modified from Holder et al.5 
 
16-amino-hexadecyl-1-pyridinium bromide surfactants 3a-c were prepared via the general 
procedure: 
The corresponding 16-bromohexadecyl-1-ammonium bromide precursor 7a-c, pyridine (10 
mol eq.), and EtOH were heated at 80 °C in a sealed tube for 4 days with stirring. The 
mixture was cooled to room temperature, and the solvent removed under reduced pressure 
to obtain the crude HBr salt as a clear oil. The free base form of the product was then 
obtained via dissolving this material in 10% MeOH/DCM and filtration through a basic 
alumina plug under vacuum (Brockman’s ACT I). The solvent was removed at reduced 
pressure, and recrystallisation in the appropriate solvent afforded the product as a 
crystalline powder. Preparations are reported according to the convention: 16-
bromohexadecyl-1-ammonium bromide precursor, recrystallisation solvent, % yield, and 
experimental data. 
 
16-N,N-Dimethylamino-hexadecyl-1-pyridinium bromide 3a 
 
 
N,N-Dimethyl-16-bromohexadecyl-1-ammonium bromide 7a (1.00 g, 2.33 mmol), 
acetonitrile, 75%. 1H NMR: (400 MHz, D2O): δH 8.80 (2H, d, J = 5.6 Hz, -(CH)2-N+-(CH2)16-), 
8.47 (1H, t, J = 7.8 Hz, CH-(CH)2-(CH)2-N+-(CH2)16-), 8.00 (2H, t, J = 7.2 Hz, CH-(CH)2-(CH)2-N+-
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(CH2)16-), 4.64 (2H, t, J = 7.3 Hz, -CH2-Pyr), 2.13 (2H, t, J = 7.8 Hz, -CH2-N-(CH3)2), 2.04 (6H, s, -
N-(CH3)2), 1.88 (2H, m, -CH2-CH2-Pyr), 1.35-1.03 (28H, m, -CH2-). 13C NMR: (100 MHz, D2O): δC 
145.76, 144.14, 128.33, 61.77, 59.01, 44.11, 30.90, 29.60, 29.57, 29.45, 29.31, 29.20, 28.81, 
27.34, 26.52, 25.64. IR: νmax (cm-1): 3426 (m, b), 2914 (s), 2848 (s), 1635 (w), 1493 (m), 1470 
(s), 1177 (m). Microanalysis (C23H43N2Br) Calc: C: 64.62 H:10.14 N: 6.55 Br: 18.69 Found: C: 
64.11 H: 10.43 N: 6.28 Br: 18.36. MS (ESI): m/z = 347.340 Calc: 347.343 [C23H43N2]+, 174.175 
Calc: 174.175 [C23H44N2]2+ ([M2+]/2). 
 
16-Morpholino-hexadecyl-1-pyridinium bromide 3b 
 
 
N-Morpholino-16-bromohexadecyl-1-ammonium bromide 7b (0.94 g, 2.00 mmol), acetone, 
81%. 1H NMR: (100 MHz, D2O): δH 8.71 (2H, d, J = 5.6 Hz, -(CH)2-N+-(CH2)16-), 8.41 (1H, t, J = 
7.9 Hz, CH-(CH)2-(CH)2-N+-(CH2)16-), 7.93 (2H, t, J = 7.2 Hz, CH-(CH)2-(CH)2-N+-(CH2)16-), 4.47 
(2H, t, J = 7.3 Hz, -CH2-Pyr), 3.58 (4H, t, J = 4.7 Hz, -N-(CH2)2-(CH2)2-O), 2.36 (4H, qn (broad), -
N-(CH2)2-(CH2)2-O), 2.20 (2H, m, -CH2-N-(CH2)2-), 1.86 (2H, qn (broad), -CH2-CH2-Pyr), 1.32 
(2H, qn (broad), -CH2-CH2-N-(CH2)2-), 1.21-1.03 (24H, m, -CH2-). 13C NMR: (400 MHz, CDCl3): 
δC 145.69, 144.10, 128.28, 66.00, 61.75, 58.62, 52.85, 30.86, 29.56, 29.50, 29.41, 29.31, 
29.16, 28.76, 27.42, 25.60, 25.37. IR: νmax (cm-1): 3424 (m), 2911 (s), 2847 (s) 1634 (m), 1491 
(m), 1472 (s), 1115 (s). Microanalysis (C25H45N2OBr) Calc: C: 63.95 H: 9.66 N: 5.97 Br: 17.02 
Found: C: 62.72 H: 11.07 N: 5.90 Br: 15.72. MS (ESI): m/z = 389.354 Calc: 389.353 








16-Piperidino-hexadecyl-1-pyridinium bromide 3c 
 
 
N-Piperidino-16-bromohexadecyl-1-ammonium bromide 7c (1.00 g, 2.13 mmol), acetone, 
80%. 1H NMR: (400 MHz, D2O): δH 8.78 (2H, d, J = 6.4 Hz, -(CH)2-N+-(CH2)16-), 8.44 (1H, t, J = 
7.8 Hz, CH-(CH)2-(CH)2-N+-(CH2)16-), 7.93 (2H, t, J = 7.2 Hz, CH-(CH)2-(CH)2-N+-(CH2)16-), 4.51 
(2H, t, J = 7.2 Hz, -CH2-Pyr), 2.48-2.11 (6H, m, -CH2-N-(CH2)2-), 1.85 (2H, qn (broad), -CH2-CH2-
Pyr), 1..48-0.99 (32H, m, -CH2-) 13C NMR: (100 MHz, CDCl3): δC 145.80, 144.24, 128.37, 61.68, 
58.89, 54.14, 31.12, 29.67, 29.58, 29.44, 29.38, 28.99, 27.43, 26.04, 25.81, 25.14, 23.94. IR: 
νmax (cm-1): 3416 (w), 2916 (s), 2849 (s), 1635 (m), 1470 (m), 1175 (w). Microanalysis 
(C26H47N2Br) Calc: C: 66.79 H: 10.13 N: 5.99 Br: 17.09 Found: C: 65.12 H: 11.38 N: 5.55 Br: 
18.23. MS (ESI): m/z = 387.371 Calc: 387.374 [C26H47N2]+, 194.192 Calc: 194.191 [C26H48N2]2+ 
([M2+]/2). 
 
8.3.7 Synthesis of DMC16Cyclo 16 
 
 
N,N-Dimethyl-16-bromohexadecyl-1-ammonium bromide 7a (2.00 g, 4.66 mmol), 
triethylamine (10 mol eq.), and EtOH (20 mL) were heated at 80 oC in a sealed tube for 4 
days with stirring. The mixture was cooled to room temperature, and the solvent removed 
under reduced pressure to obtain the crude as a cream/brown solid. The crude was then 
dissolved in EtOH and activated carbon added. The mixture was stirred for 24 h, and the 
activated carbon removed via vacuum filtration through a Celite bed. The solvent was 
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removed under reduced pressure to obtain a yellow/white residue. The product was 
purified via flash column chromatography, eluting with 5% MeOH/DCM and 10% 
MeOH/DCM. The fractions containing the product were combined and the solvent removed 
at reduced pressure to obtain a yellow oily residue. Recrystallisation in ethyl acetate 
afforded 16 as a white powder (0.01 g, < 1%). 1H NMR: (400 MHz, CDCl3): δH 3.08 (4H, m, J = 
4.8, 3.8 Hz, -CH2-N+(CH3)2-CH2-), 2.87 (6H, s, -CH2-N+(CH3)2-CH2-), 1.54 (4H, qn (broad), -CH2-
CH2-N+(CH3)2-CH2-CH2-), 1.22-1.15 (24H, m, -CH2-). 13C NMR: (100 MHz, CDCl3): δC 62.30, 
52.61, 27.41, 27.31, 27.19, 27.16, 26.85, 24.83, 21.59. MS (ESI): m/z = 268.302 Calc: 268.300 
[C18H38N]+. 
 
8.4 Determination of Surfactant Properties 
 
8.4.1 Critical Micelle Concentration (CMC) 
 
Modified from Davey.4 
1H-NMR spectra for CMC determination were recorded in 5 mm diameter tubes at 25 oC at 
500 MHz on a Varian 500 AR spectrometer. Samples were calibrated against a 
trimethylsilylpropanoic acid (TSP) internal standard. Samples were prepared via dilution of a 
stock solution of the surfactant in D2O. Where required, the conjugate acid of the surfactant 
was generated in situ via the addition of 0.889M HBr solution during preparation of the 
stock solution, amounting to 2 molar equivalents of HBr to the surfactant. CMC values were 
calculated for each sharp, well defined proton environment and averaged to obtain the 
reported value and associated error. CMC values for each proton environment were 
determined from a plot of the observed chemical shift (δobs) against inverse total 
concentration (1/CT), where the intersection of the two linear regressions was taken as the 
CMC value. CMC values were not calculated for environments where a clear break point was 
not observed. A typical output of this type is displayed in Figure 8.1, where δobs is plotted 





Figure 8.1: δobs against 1/CT for α-CH2 protons of bolaform 3a, used in CMC determination. 
 
8.4.2 Aggregation Number (N) 
 
Modified from Davey.4 
N values were determined from the 1H-NMR spectral data obtained for CMC determination. 
For each proton environment analysed in the CMC determination, N was taken as the 
gradient of the linear regression of a plot of ln(CT.δcalc) against ln[CT(δdiff-δcalc)], where CT is 
the total concentration, δcalc is the absolute difference between the monomer shift δmon and 
the observed shift δobs, and δdiff is the absolute difference between δmon and the micelle shift 
δmic. δmon and δmic were obtained from the CMC data, where δmon is the y axis intercept of 
the linear regression representing concentrations below the CMC, and δmic the intercept of 
the linear regression representing concentrations above the CMC. Although the term labels 
described in this work are different to those in Equation 10 (Chapter 4, Section 4.1.1), which 
is derived from the closed association model, both result in identical data transformation 
and plots. The final N value and associated error for each surfactant was taken as the 
average of the values obtained from proton environments with linear regressions of r2 ≤ 
0.92. Data points at either extreme of the concentration range were excluded, as the values 
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were not suitable for linear regression. A typical output is displayed in Figure 8.2, where 
ln(CT.δcalc) is plotted against ln[CT(δdiff-δcalc)] for the combined methylene proton 
environments (-(CH2)12-) of bolaform 1a (TMC16NMe2). 
 
Figure 8.2: ln(CT. δcalc) against ln[CT(δdiff-δcalc)] for methylene proton environments (-(CH2)12-) of 
bolaform 1a. 
 
8.4.3 Diffusion and Molecular Tracer Experiments 
 
Modified from Lindman et al.6 
1H-DOSY experiments utilising bolaform 1c were performed in 5 mm diameter tubes at 25 oC 
at 500 MHz on a Varian 500 AR spectrometer. Samples were calibrated against a 
trimethylsilylpropanoic acid (TSP) internal standard, and obtained using a DgsteSL-cc preset 
utilising a 5000-28000 pulse sequence with increments of 20.  
Samples were prepared via dilution of a 40 mM stock solution of 1c in D2O. For molecular 
tracer studies, 15 µL tetramethylsilane (TMS) was added to as-prepared samples via 
micropipette, after which the samples were vigorously mixed and left open to atmosphere 
for 1 min prior to analysis. Samples subjected to venting were heated overnight in their 
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respective NMR tubes at 28 °C in a water bath while open to the atmosphere. Mutual 
diffusions coefficients (Dmut) were obtained from the combined methylene proton 
environments (-(CH2)12-) of the 1H-DOSY plot of 1c at the specified concentration.  
 
8.4.4 Dynamic Light Scattering (DLS) 
 
Dynamic light scattering data were recorded on a Malvern Zetasizer Nano ZS fitted with a 3 
mW He-Ne laser operating at λ = 633 nm. Data were obtained at 25 °C utilising a 173° non-
invasive backscatter (NIBS) preset, with an equilibration time of 120 s. Each sample was 
analysed a minimum of 3 times, and the data were processed via the Malvern Zetasizer 7.0 
software package.  
Samples were prepared as 1% w/w surfactant solutions in ultra-pure water, and 
approximately 2.5—3 mL was passed through a 0.22 µm syringe filter prior to analysis. 
Where required, samples were prepared as 3—4% w/w surfactant solutions, and the 
conjugate acid of the surfactant generated in situ via the addition of 0.889M HBr solution, 
amounting to 2 molar equivalents of HBr to surfactant.  
 
8.5 Synthesis and Characterisation of Silicate Materials 
 
8.5.1 Standard Templating Method 
 
Modified from Ryoo, Bagshaw and Hayman.7-8 
LUDOX® AS-40 colloidal silica (14.3 g, 0.096 mol) and 1M NaOH solution (46.9 g, 47 mmol) 
were heated at 80 °C for 2 h with stirring. The solution was cooled to room temperature and 
added dropwise to a mixture of surfactant template (CTAB or bolaforms 1a-1c, 16 mmol) 
and NH3 (0.29 g, 2.3 mmol) in 20 mL H2O in a stainless steel pressure vessel. The mixture was 
stirred vigorously for 1 h, after which the vessel was sealed and heated at 100 °C for 24 h. 
The vessel was cooled to room temperature, and 30% acetic acid solution was added 
dropwise until gelation occurred. The vessel was then sealed, and the heating and 
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acidification procedure repeated twice more, with the last heating stage extended to 48 h. 
After cooling to room temperature, the crude silicate was isolated via vacuum filtration and 
washed with water. The solid was then dissolved in 70 mL water and transferred to a sealed 
pressure vessel, which was heated at 100 oC for 72 h. The mixture was cooled to room 
temperature, and the silicate isolated via vacuum filtration and washed with water. Drying 
of the solid at reduced pressure afforded the final crude silicate as a white powder. 
 
8.5.2 Template Removal 
 
Modified from Twaiq, Jabariyan and Zanjanchi.9-10 
All crude silicate materials were ground into a fine powder prior to template removal.  
Calcination was performed by John Wells, Department of Chemistry, University of Otago, 
Dunedin. Silicate samples were heated at 500 °C for a minimum of 2 h. The resulting 
powders were analysed without further purification. 
For solvent extraction method, silicate samples were subjected to a continuous flow of hot 
MeOH via Soxhlet extractor for 48 h. The samples were then isolated via vacuum filtration 
and washed with MeOH. The resulting powders were analysed without further purification. 
The organic extraction residues were combined and the solvent removed at reduced 
pressure to obtain a brown oily residue, which was analysed via 1H-NMR spectroscopy. 
For ultrasound treatment, silicate samples was dispersed in MeOH (50 mL/0.5 g of sample), 
and the suspension subjected to sonication in an ultrasound bath for 15 mins. The 
suspension was vigorously mixed at 5 min intervals. The treated samples were then isolated 
via vacuum filtration and washed with MeOH, and the collected powders analysed without 
further purification. The organic residues were combined and the solvent removed at 






8.5.3 Small Angle Powder X-ray Diffraction (P-XRD) 
 
Small angle P-XRD diffractograms were recorded by Martin Ryan, Callaghan Innovation, 
Wellington. Data were collected on a Bruker D8 Advance Diffractometer, equipped with an 
automatic variable divergence slit and a 60 mm Goebel mirror, producing a parallel beam 1 
mm in height. The goniometer radius was 300 mm. Co-Kα ( λ = 0.179026 nm) was used as 
the radiation source. The diffractometer was equipped with a 0.23° parallel plate collimator 
and a NaI(TI) scintillation counter. The diffractometer was operated at 40 kV and 35 mA. 
Data points were obtained via step scan mode at 0.02° 2θ intervals, at a rate of 1 s per point. 
 
8.5.4 Gas Sorption 
 
Gas sorption measurement of ABS-1c was performed by Professor Shane Telfer, School of 
Fundamental Sciences, Massey University, Palmerston North. The N2 adsorption/desorption 
isotherm was recorded at 77 K on a Quantachrome® Autosorb iQ instrument, using the 
Quantachrome® Versawin™ software package. The sample was outgassed at 403 K for 20.3 
h prior to analysis. The isotherm was used to derive the BET surface area, the total pore 
volume, and pore size distribution. The total pore volume was determined using the t-plot 
method, and the pore size distribution was determined using the DFT method.  
 
8.5.5 Electron Microscopy 
 
Transmission electron microscopy was performed by Richard Easingwood, Otago Micro and 
Nanoscale Imaging (OMNI), University of Otago, Dunedin. TEM images were recorded on a 
JEOL 2200FS Cryo-TEM fitted with a TVIPS F416 CMOS camera (TVIPS, Gauting, Germany) 
and a Direct Electron DE-20 detector (Direct Electron LP, California, U.S.A). Samples were 
prepared as suspensions of the selected ABS material in EtOH (1—3 mg/mL). Prior to 
analysis, the samples were sonicated for 1 min, after which the samples were mounted on 
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